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N ABSTRACT 
Kinghorn Loch is a small lake of area 11.3 ha and maximum depth 12.8 
m, situated in Fife Region of Scotland. From 1947-1983 the loch was 
polluted by leachate from Red Mud disposal. Red Mud is a waste 
product of the alumina dressing industry. The leachate consisted of 
a highly alkaline solution of sodium hydroxide and carbonate and 
contained high levels of dissolved aluminium, arsenic, vanadium and 
sulphate. 
Initially the loch became nutrient enriched (mainly orthophosphate) 
but by 1961 the pH hagan to increase significantly so that by 1983 it 
exceeded a mean of pH 10.1, and levels of dissolved arsenic and 
vanadium were the highest of any watercourse in the U.K. During this 
time 0.5 m of red/red-brown fine mud accumulated, at a rate which by 
1983 was in excess of 25 iin yr 0.5 kg m 2 yr). Aluminium in the 
leachate reacted with high levels of native silicon and magnesium to 
produce authigenic clay minerals. At near-neutral pH these proved to 
be.. high in silicon but by 1983 magnesium was dominant. The 
progression from high-Si to high-Mg seems to have been continuous and 
does not suggest the formation of discrete mineral phases. By 1983 
authigenic clay minerals represented 24% of sediment mass, while 
organic material, generated by prolonged and severe phytoplankton 
blooms, accounted for 16% and detrital inputs 12%. 	Calcite, 
precipitated from the native water, made up 48% of the sediment. 
Experimental procedures found that calcite production was essentially 
abiotic and proceeded by second order kinetics. Precipitation of 
clay minerals was independant of calcite production and calcite did 
not incorporate significant quantities of organic matter. 
The high organic input, canbined with hematite (washed-in as Red Mud 
solids), caused highly reducing conditions within the sediment, but 
the red colour indicated Fe(III) dominance, while interstitial 
sulphate was not fully reduced. Insane cores a grey zone occured 
immediately above the native sediment and this indicated extensive 
pyrite formation. However, despite the high level of sulphate in the 
loch water, the lack of extensive sulphate reduction led to low 
sulphur levels in the polluted profile. The interstitial water was 
found to be chemically active, with high levels of dissolved iron, 
calcium, magnesium, aluminium and arsenic occuring. 
The leachate was diverted from the loch in 1983 and the water quality 
recovered quickly. By 1984 the pH had returned to a natural pH 8. 
However by 1985 arsenic levels in the water remained substantially 
elevated (30-50 ug 11)  and although sediment core profiles were 
found to be much less reducing, interstitial water chemistry was 
active, and dissolved arsenic levels exceeded 1 mg 11, which was 
passed to the body of the loch. 
A thermodynamic model was developed to determine the chemical 
speciation of mixed waters and to calculate the degree and character 
of mineral deposition. However, due to the lack of available kinetic 
data, application of the model was limited. 
Benthic populations were extremely restricted in 1983 but although 
greatly increased in numbers by 1985, no diversification had occured. 
Plankton and benthic invertebrates (in 1985) did not concentrate 
arsenic. 
The high authigenic content of the sediments provides a unique 
opportunity for the further study of clay mineral formation over a 
very short time span, and allows a consideration of pH dependance of 
such processes. 
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DEFINITION OF NON STANDARD UNITS 
Physical Name Symbol Definition 
quantity of unit for unit of unit 
temperature, t degree Celsius °C tf9C}=t{K}-273.16 
area hectare ha 1 O 4m2 
volume litre 1 103m3 
ABBREVIATIONS USED IN THE TEXT 
abbreviation meaning 
F.R.P.B. 	Forth River Purification Board 
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B.O.D. 	5 day biochemical oxygen demand 
C.O.D. 	chemical oxygen demand 
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CHAPTER ONE 
INTRODUCTION 
1 . 1 . GEI€RAL DESCRIPTION OF THE STUDY AREA 
Kinghorn Loch is a small lake situated 1.5 km W.N.W. of the Burgh of 
Kinghom within the Fife Region of Scotland and 13.3 km due north of 
the City of Edinburgh. it has a surface area of 11.3 ha and a 
maximum depth of 12.8 m. Since 1947 the loch has been the recipient 
of a highly alkaline discharge issuing from nearby Whinnyha]. 1 Tip, a 
landfill site operated by BA Chemicals Ltd., part of British Alcan 
Aluminium Company Limited, for the disposal of red mud. 
Red mud is a waste product of bauxite dressing by the Bayer process 
during the production of alumina. it consists of iron and clay 
solids, being that part of the bauxite insoluble in concentrated 
sodium hydroxide at high temperature and pressure. However it also 
contains an aqueous phase (approximately 45% wet weight) comprising 
alkali not removed by the mud washing process. This phase contains 
alkali at a concentration of approximately 0.4 M and pH 13.4. The 
aqueous phase, in contrast to the solids, contains a proportion of 
all those ions which were dissolved from the bauxite including alumi-
nium, arsenic, vanadium, sulphur, selenium, phosphorus, fluorine, and 
silicon. In addition canrnercial quality sodium hydroxide can contain 
mercury as a contaminant but none has been found during the study. 
1 .1 .1. HISTORY OF fOILUTION. 
Tipping of the material at Whinnyhall began in 1944-45 when the 
original coastal tip, operated since 1917, 	became filled. Drainaa€ 
from this elevated site had been arranged by re-routing at least one 
spring to Kinghorn Loch. However by 1951 percolate was beginning to 
appear through the south wall of the tip and this seeped down the 
hillside to the Kirktori Bum and thence flowed west to the Firth of 
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Forth. This discharge quickly destroyed vegetation, including trees 
and was final 1  channel led to the burn in a system of drains. 
By 1983 these two •discharges, illustrated in Figure 1.1, had 
destroyed aquatic life in the Kirkton Burn and severely limited life 
in Kinghorn Loch. The leachate to the Kirkton Burn appeared to be 
"pure" leachate containing a little rain water percolate, and is the 
more alkaline of the two, averaging pH 12.8. Leachate to Kinghorn 
Loch averaged pH 12.1 due to its prior mixing with native spring 
water and was considerably lower in dissolved organic matter. By 
1983 the pH of the loch had reached a level in excess of pH 10. 
1.1.2. RE(DVERY FROM FOLLtYIED STATE. 
On the 25th May 1983, 	three years into the present study, this 
discharge was removed from the loch as part of a scheme designed to 
present the 1 eachate for suitable treatment and disposal elsewhere. 
At the time of writing it is being pumped to the Kirkton Burn 
catchment .to join its sister leachate. Proper disposal of the 
discharges is envisaged within an agreed timetable. 
1.2. PREVIOUS WORK. 
Previous study of the loch had consisted almost entirely of the 
routine, and essentially passive, chemical analysis of the state of 
the water and of the incoming leachates performed by the F.R.P.B. 
Such analyses were carried out four times a year at best, and prior 
to 1978 were even less frequent. In 1978 the F.R.P.B. determined to 
improve the state of Kinghorn Loch and Kirkton Burn by the removal 
and proper treatment of the leachates. Chemical analytical effort 
was concentrated on the higher pH leachate to the Kirkton Burn and 
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FIGURE 1.1. Map showing the study area indicating locations named In the text 
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work, carried out in conjunction with BA Chemicals Ltd. was co- 
ordinated by the present author as an employee of the Board. It was 
• intended to devise 'a treatment process more suited to the. situation 
of the burn, than had been proposed by consultants to the caiLpany.  
This led to a conserted analytical effort with regard to the Kirkton 
Burn, and confirmed that conceptually suitable treatment processes 
were available and considered econanical ly viable. 
The Biology Section of the F.R.P.B. had carried out faunal and floral 
surveys of the loch at intervals of 2-3 years. Weed sweep, benthic 
grab and plankton netting had been employed. The results had been 
used tQdetail the decline in biological activity and diversity in 
the - loch. 	....- • . 	 . 	 •_. .:' . 
1.3. AIMS OF THE.SIUDY 
The :primary aims have been to collate historical information--and - to 
provide analytical data, particularly chemical and geochemical but 
also ecological, in order to describe the situation found in --the- loch 
and its sediments prior to rehabilitation, and to follow, - as far as 
the short duration of the. study would allow, its recovery. To this 
end the development of a chemical speciation model was undertaken. in 
order to endeavour to conclude what mineralization might occur and to 
quantify the chemical deposition of sediments. 
The situation of the loch as an enclosed freshwater body of long 
residence time, and the way in which it received the discharge 
appears to be unique. Red mud is often disposed of by discharge to 
marine lagoons and the effect on the marine environment has been 
studied by several workers including Baseden 1 in Australia and 
-- 
Hamada 2 in Japan. Burrows3 , in reviewing the marine ecological 
effects of red mud found that the presence of such a large quantity 
of extremely fine red mud caused ingestion problems for organisms 
that swamped any other effects. Effects due to ionic aluminium were 
also limited by the buffering capacity of the sea water. 
In Kinghorn Loch only limited quantities of red mud reached the loch 
and the sediment load was derived from reaction with spring waters 
prior to reaching the loch and within the loch water itself. The 
buffering within the loch was in favour of the soluble ions present 
in the leachate as the natural waters have little buffering capac-
ity. Thus the system has provided an opportunity to study chemical 
processes such as carbonate mineral formation and aluminosilicate 
formation and diagenesis under chemically favourable environmental 
conditions. 
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CHAPTER TWO 
ORIGIN AND CHEMICAL COMPOSITION 
OF RED MUD AND ASSOCIATED LIQUOR 
2.1. ORIGIN 
The Burntisland plant of BA Chemicals Limited has been in existence 
since 1917 inwhichyear it produced 10,000.tonnes of alumina. 	By 
1980 production had risen to 120,000 tonnes of high quality grades of 
alumina. Between 1950 and 1970 an increasing proportion of the 
output was for special (chemical) grades of milled and unmilled 
alumina and alumina trihydrate. Much of the information contained in 
this section has been provided by BA Chemicals Limited in its public-
ation "Alumina Chemicals from Burntisland" 4or by private 
communication. 
Bauxite used at the plant is imported primarily from Awaso in Ghana. 
Approximately 52% by weight of the alumina is in the form of the 
trihydrate, A1 20 3 .31-1 20, while the remainder is as the monohydrate. 
The trihydrate may be extracted at temperatures of 1 00 01C to 1450C 
while the rronohydrate requires temperatures of 180 0C to 2500C. The 
bauxite is .processed as shown in Figure 2.1 whereby crushed bauxite 
is milled in the presence of concentrated sodium hydroxide solution 
and then heated under pressure in a series of vertical autoclaves, 
or "kiers". The pressure is reduced in a series of flash vessels. 
Spent liquor from mud washing is added and the liquor desanded and 
desilicated, a process which allows removal of fine silica onto the 
mud. Starch is added as a flocculent and the mud thickened in 
stirred tanks before the liquor is clarified on Kelly pressure 
filters using lime as a filter aid. The liquor then proceeds to 
become supersaturated at lower temperatures whereby seeding recovers 
the pure hydrate. 
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FIGURE 2.1. The Bayer Process (Burntlsland Flow Sheet). Reproduced by permission of BA Chemicals Ltd. 
The mud from the Kelly filtes and primary thickeners is passed 
counter-current through a washing process whereby mud is slurried 
with water and pumped to a series of wash thickeners where the wash 
overflows and the mud is continuously removed from the tank tottcllL 
The wash and mud travel in opposite directions thus progressively 
reducing the alkali content of the mud liquor. The mud is filtered 
and washed on a rotary drum vacuum filter and the mud cake scraped 
from the drum for disposal. This process is capable of producing a 
mud of 35-45% moisture content wet weight 4' 5. Huge quantities of red 
mud are produced; in 1980, 280,0"00 tonnes of bauxite was consumed by 
the plant for 120,000 tonnes of alumina produced. This is not an 
unreasonable ratio considering the high grade of alumina manufactured 
and compares with other (mostly smelter) plants which, depending on 
the source of bauxite, generate between 0.3 and 2.5 tonnes of red mud 
per tonne of bauxite and averages about 1 tonne per tonne 5. 
This mud, which is relatively. dry compared to that from conventional 
processes should be capable of dry stacking, a system whereby the 
height of waste is gradually raised by constructing an empounding 
dyke (of consolidated red mud or other source material) on top of 
each consolidated layer. By this means stacking heights of 30 m are 
possible 5. In order to avoid contamination of ground and surface 
waters the site should be sealed. Unfortunately no such control was 
applied with the development of Whinnyhall Tip in the early stages 
and the problems were compounded by the covering of natural springs 
and the failure to provide a rain shedding surface to areas not in 
use. 
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To date only the east end of the site has been used and the relative 
flows of the leachates have varied depending on the location of the 
dumping within the site. It is probable that the site will be 
developed westwards but, since this is heading onto irore elevated 
ground, adequate planning and control of tipping will be essential. 
Red mud has considerable potential as a raw material particularly for 
the recovery of iron and titanium in comercial ly viable quantities. 
Attempts to utilise it on this scale have however been thwarted by 
the problems of smelting such a high soda material. Patents have 
been issued with the intention of overcoming these problems, one of 
interest may be that of Lakatosetal 6 , whereby ferric sulphate is 
used to ion exchange sodium from the original level of 9.6% (as Na20) 
in the (dry) mud to 0.7%, while increasing iron from 39.2% (as Fe 203 ) 
to 46.9% of the mud; thus making it suitable for smelting. Further 
references (e.g. Logomerac7 ) suggest that red mud may form a useful 
raw material for the recovery of rare earth elements niobium (300-
9100mg kg), lanthanum (200-12000 mg kg), yttrium (15-4500 mg kg) 
and scandium (24-1700 mg kg). The figures inside brackets indicate 
the range of values found in red mud from different sources (dry 
weight). Thus, one day, red mud from Whinnyhal 1 Tip may be reworked 
as a raw material in its own right. 
Up until May 1983 red mud slurry as deposited at Whinnyhall Tip 
presented Kinghorn Loch with an incoming stream (of mean flow 
2.7 1 _1) containing four distinctly different polluting loads. 
These were, in order of importance: 
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caustic liquor 
chemically deposited solids 
red mud solids 
burnt blaes 
The origin of these different loads will be considered below and be 
followed by a consideration of their distinctive chemical 
characteristics. 
The stream drained from the tip area via an unknown system of under-
ground channels or culverts and passed through the retaining wall by 
means of a pipe. The stream proceeded into a cutting (of the disused 
mineral railway to the oil shale workings) where it was ponded into a 
narrow settlement pond of some 60 m3 capacity. The pond was retained 
by a concrete dam containing a sluice plate fitted with a 'V 1 notch 
flow-measuring weir. 
The pond offered a retention time of approximately 6 hours under 
normal conditions, but considerably less in spate. The pond became 
filled with solids very quickly thereby short-circuiting any signif-
icant retention and, although periodically cleaned out by the 
company, generally issued suspended solids at 7-420 mg 11,  with a 
mean of 87 mg 1_1, to the loch. The suspended solids load of this 
leachate would contribute 7000 kg (dry weight) of solids each year, 
80-85% of which will be seen later to be calcium carbonate. Data 
contained in Table 4.6 indicate that an estimated 7x10 4  kg carbonate 
mineral and 4x104 kg aluminosil icate (taking the structure proposed 
in Chapter 5.7.3) are chemically precipitated in the loch each year. 
Additionally however, quite often, at least four times a year, 
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vandals managed either to dislodge or remove the sluice plate allow-
ing the slurry-like contents of the pond to flood into the loch. This 
load may be seen to contain virtually all of the iron entering the 
loch. It consisted of fine red mud solids intermixed with authi-
genically produced material and, given a mean iron content in the 
sediments (Table D.1) of approximately 2.5% as Fe, represents an 
input of 8500 kg yr 1 of clay minerals and 6200 kg yr 1  as Fe20 3 
(from Table 2.7). 
The overall sedimentation rate within the loch, originating from all 
sources including internal chemical and biological precipitation will 
be seen to be extremely variable. It will depend largely on the 
state and proper functioning of the settlement pond and on the 
quantity and strength of the incoming leachate. Apart from the 
generalization that the leachate will be strongest when tipping is 
occuring in the north-east sector of the tip and will be most volumi-
nous in winter little is known of the precise factors affecting its 
character. Chemical and hydrological data were sparse prior to this 
study and would certainly not allow any quantitative assessment. It 
wil 1 be seen from Chapter . 2.2.1 and Appendix A that despite weekly 
sampling since January 1981 the ability to measure the loadings 
involved is possible only within wide confidence limits and the task 
of understanding and quantifying the processes occuring within the 
system is thereby made more difficult. 
2.2. CHEMICAL OJMFOSITION 
2.2.1. CAUSTIC LIQUOR 
The aqueous phase of the leachate results from the mixing and subse- 
quent reaction of red mud liquor with the natural spring waters, 
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diluted, to some extent, by rain water. The origin and composition 
of the natural water will be discussed in Chapter 3. Table 2.1 sets 
out a typical analysis of interstitial water frciri freshly generated 










silicon 7.9 as Si 
orthophosphate 5.6 as P 
nitrate+nitrite 5.0 as N 
fluoride 1.7 
ammonia 1.0 as N 
organic carbon <0.5 % 
TABLE 2.1 Typical analysis of interstitial 
water taken fraii new red mud. 
(results in mg/l unless stated otherwise) 
Interstitial water was extracted by pressure filtration through a 
glass fibre disc (Whatman grade C) that had been previously washed 
with 1 M sodium hydroxide, thoroughly rinsed with water and dried 
under vacuum. The filtrate was then passed through a 0.45 urn poly-
carbonate membrane. This procedure produced a clear, colourless 
liquid. This was in contrast to the leachates which were deep brown 
in colour. Organic carbon was measured by reducing the pH of an 
aliquot to near pH7 with 1 M hydrochloric acid and thence to pH 4.0 
with 0.1 M hydrochloric acid whilst bubbling nitrogen through the 
solution. The gas purge was continued for one hour to remove all 
residual carbon dioxide. The pH was adjusted to 7 (with 0.1 M 
carbonate-free sodium hydroxide) and the solution reduced to dryness 
in an oven at 95 0C. The dry material was ground in a mortar and 
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pestle and analysed for carbon (as described in Chapter 9.3). 
The fact that the interstitial water was clear and very low in 
organic matter was surprising since it would be expected to contain 
dissolved humic material from the bauxite and also possibly starch. 
However it is asserted 4 that the Bayer process causes breakdown of 
bauxite humic materials into lower organic acid salts and carbon 
dioxide. Any residual salts so formed are removed into the red mod 
as the calcium salt during liming. Unfortunately it was not until 
November 1984 that the facility for carbon analysis became available 
and this matter had not been pursued. Subsequently one sample was 
taken for each of four months specifically for carbon analysis and it 
was found that the level of organic carbon was insignificant in each 
case. 
Back records of the F.R.P.B. showed that the leachate to the Kirkton 
Burn had always possessed a very high biochemical oxygen demand 
(BJD5) and 4-hour permanganate value (see Chapter 9.1.2.1 for analy-
tical methodology) of between 52 and 157 mg loxygen, with a mean of 
about 90 mg 10. These. parameters provide.a measure of potential 
oxygen consumption by mild oxidative processes particularly that of 
labile organic material and reduced nitrogen compounds. The dis- 
charges were atypical of the waters normally subjected to these tests 
so the results must be treated with caution. However the discharges 
did not appear to contain any components that are known to interfere 
or bias the results. The leachate proceeding to Kinghorn Loch had 
always carried a lesser amount of degradable organic material, - with 
values ranging from 1 to 29 mg loxygen and a mean of about 8 mg 1 -1 0. 
Interestingly the caustic effluent from the factory at Barntisland 
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gave a range of <0.3 to 17 mg 1 -1 0 with a mean of about 4 mg 1 -1 0. 
It is likely that this effluent contained material originating fran 
sources other than waste liquor, a portion of which may be organic. 
It is evident that the leachates, particularly that to the Kirkton 
Burn, became enriched in organic matter during their percolation 
through the red mud and ultimately to the discharge point. It is 
likely that nearly all this material was dissolved from soil organic 
matter by the highly caustic liquor. The colour was not associated 
with iron compounds since iron, though extremely abundant in the red 
mud, was absent in the liquor and leachates. Table 2.2 illustrates a 
typical analysis of the leachate going to the Kirkton Burn. 
pH 13.1 
sodium 10690 
aluminium 177 (dissolved) 
potassium 8.9 
magnesium 1.9  (total) 
calcium 2.0 (total) 
arsenic 18 (total) 
vanadium 31 (total) 
TABLE 2.2 Typical analysis of leachate to 
Kirkton Burn. (results in mg/i) 
Figure 2.2. charts the variation in pH of the leachates since 1977, 
and indicates the incorporation of the Kinghorn Loch flow into that 
(o the Kirkton Burn in May 1983. Data available prior to 1981 were 
inadequate to allow any trend analysis of leachate strengths. 
The ratio of Ai:Na was always very much lower in the leachates 
compared to that for the red mud interstitial water. Aluminium 
levels in the leachates were very variable ranging from as low as 11 
mg i_i up to 250 mg 11 with a mean around 160 mg 11. For a similar 
concentration of sodium ions, red mud interstitial water contained a 
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FIGURE 22. pH of leachates from Whinnyhall Tip (1977-1983) 
relatively stable aluminium content of around 3560 mg 11. Since the 
leachates obtained virtually all their sodium and aluminium fran the 
interstitial water it is evident that on passage from the tip to 
point of issue a mechanism existed for. the removal of the bulk of the 
aluminium but not sodium. 
It is unlikely that aluminium would be lost by flocculation processes 
involving organic matter, as humic material, 'taken into solution at 
high pH, would form anions carrying a considerable negative charge. 
This charge would be unmatched by the extremely small concentration 
of aluminium cations available. 
The level of silicon in the red mud interstitial water was inadequate 
to cause any significant loss of aluminium by the formation of clays. 
However by consideration of thermodynamic data on the solubility of 
silica given by Stumm & Morgan 8  for the typical high pH reaction 
4SiO2 (s)+41-1 20 , Si 4 06 (OH)+2H it may be calculated that 
log K=-23.37 (for amorphous silica) and log K=-27.37 (for quartz). 
The data was based on 25 0C in 0.5 M NaC104 . Thus at pH 13 dis-
solution of amorphous silica could generate well in excess of 1 M 
dissolved silicon, while for quartz this would be 0.04 M, and 0.4 M 
at pH 13.5. It is therefore evident that, even giving due considera-
tion to the inherent limitations of using thermodynamic data in this 
way, a solution of 0.04-1 M could be produced by dissolution of sand 
or silt in the substrate of the tip. Having shown that such an 
aluminium-silicon solution can be .obtained, both must then be 
deposited to account for the low levels found in the leachates. 
Garrels & hrj9(page 363) in a combination diagram of stability 
relations in the system Na20-A1203_Sj02_H20 (extrapolated from high 
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temperatures and pressures), indicated that albite was the most 
favoured aluminosilicate to be formed under such circumstances. 
However, at low temperature in aqueous solution, it is more likely 
that a hydrous mineral will form. Using data taken from Truesdell & 
Jones 10 .  the zeolite analcime is found to be thermodynamically more 
stable. No data was available for sodalites which would possibly 
give further stability. Thus at 250C for the reaction 
NaAlSi206 .H20 (analcime)+5H20 ft Na-+-A1(OH)+2H4SjO' 
log K=-12.701. For a sodium content of 0.4 M and aluminium of 0.13 
M, 4x10 6 M silicon would be sufficient to produce analcime (given 
that activity coefficients of 0.8, 0.3, and 1 are aplicable to Na' 
Al(OH) and H4SiO respectively as indicated by the speciation model 
of Chapter 6). Even a very low level of aluminium and silicon in the 
final leachate (say io - M) would result in a propensity to deposit 
analcime or similar material. The rate determining step is likely to 
be dissolution of silica, but given even a modest degree of dissolu-
tion, it is evident that zeolite or clay minerals are likely to be 
formed whilst the leachates are flowing to the points of issue. 
It is common for the relative abundances of arsenic and vanadium 
found in the red mud interstitial water to become reversed prior to 
issuing as the leachate to the Kirkton Burn. There is an apparent 
loss of arsenic within the aqueous system. This however, due to the 
relatively small number of data available, may not be significant. 
The loss of arsenic has been seen on several occasions and will be 
discussed later, but it is probable that arsenic is removed from 
solution onto the - aibundant iron mineral surfaces associated with red 
- mud solids. That this removal of arsenic occurs within the system 
under study will become evident but that it should occur to such an 
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extent at such high pH values is surprising. 
As the leachate percolates eastward towards Kinghorn Loch it encou- 
nters various underground springs of local hard water. The net 
effect of this is to reduce the pH and carbonate content of the 
leachate and to reduce the calcium and magnesium level in the spring 
water. Aluminium and silicon levels are also affected as is probably 
arsenic. The leachate leaving the settlement pond has been analysed 
on a weekly basis since January 1981 until its'rerroval in 1983 and 
the results so obtained are collated in Table A.1 of Appendix A. An 
explanation of the statistical appraisal contained in the tables of 
Appendix A is included. The sampling programme was designed so as to 
give an estimate of the long-term mean that would be within 10% of 
its true value at 95% confidence limit. As far as the more important 
parameters are concerned this has marginally been achieved for 
aqueous concentrations though not for loadings. The Hydrology 
Section of the F.R.P.13. have additional monthly gaugings for the flow 
of leachate to Kinghorn Loch, for that of the north inlet (at 
Craigencalt Farm), and for that leaving the loch outlet but since 
chemical analysis and instantaneous flow are likely to be related, 
such additional flow data cannot be used in this context. The data 
have however been used to verify the accuracy of the weekly gauge-
board readings. Mean loadings are within 20% of the predicted real 
situation. The sample taken on the 7th March 1983 has been ciriitted 
fran the statistical appraisal as a pipe blockage was preventing 
leachate from leaving Whinnyhal 1 Tip. The information contained in 
the tables of Appendix A will be further considered in sections on 
the chemical budget in the loch (Chapter 4) and for the mathematical 
modelling of the system (Chapter 6). 
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On several occasions samples were additionally analysed for heavy 
metals, parameters not contained in the routine monitoring programme. 
Tables 2.3. and 2.4. illustrate typical data obtained fran this 
extended analysis for total and dissolved parameters respectively. 
The analytical techniques used for generating the chemical data are 
considered in Chapter 9. 
Batches of the leachate to Kinghorn Loch were also treated as under 
Chapter 2.2.1. to determine the level of dissolved organic carbon and 
Table 2.5. illustrates the findings. 
determinand result determinand result 
pH 11.8 suspended solids 67 
iron .22 manganese .056 
zinc .009 nickel .061 
copper .033 chromium .105 
lead .033 cadmium .012 
vanadium 5.7 arsenic 3.6 
aluminium 91.9 
TABLE 2.3. Concentration of total trace elements in the 
leacháte to Kinghorn Loch (mg/1). 
determinand result deterrninand result 
iron .008 manganese .0019 
zinc .0084 nickel .08 
copper .06 chromium .007 
lead . 	 .0011 cadmium .00006 
vanadium 5.7 arsenic 3.2 
alliminillm q9- C; 
TABLE 2.4. 	Concentration of dissolved trace elements 
in the leachate to Kinghorn Loch (mg/1). 
date taken organic date taken organic 
carbon carbon 
1-12-1982 7.5 20- 2-1983 5.2 
9- 1-1983 <2 14- 4-1983 5.0 
TABLE 2.5. Concentration of dissolved organic 
carbon in the leachate to Kinghom Loch (mg/ 1). 
It will be seen that the input of trace metals to the loch via the 
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leachate is very low indeed with the exception of aluminium, arsenic, 
and vanadium which are present at high concentrations as dissolved 
species. The lead contained in the leachate may, because of the 
uncertain effects of chemical separation techniques during bauxite 
processing and the protection of red mud fran atmospheric input prior 
to dumping, be expected to contain an atypical isotopic ratio and 
therefore to be a source of error during radiochemical dating. The 
leachate would provide the loch sediment with approximately 18 mg kg 
whilst Table D.1, in indicating a lead content in the sediment of 50 
mg Pb kg, requires a substantial additional supply of approximately 
6 kg Pb. Rowlattil  provides information on the supply of lead 
to lakes in the English Lake District. The lakes involved covered a 
wide range of human habitational influence and indicated a supply, to 
an area equivalent to Kinghorn Loch, of between 5 to 30 kg Pb each 
year. The source of the lead is stated as being mainly by atmos-
pheric aerosol. Thus it is reasonable to assume that the bulk of the 
lead found in Kinghorn Loch sediments has an essentially similar 
origin, so that the possible chemical partitioning of lead and radio-
nuclides in detrital red mud will not cause any gross bias in 210Pb 
dating analysis. 
The organic material dissolved in the leachate represents an input to 
the loch of approximately 58 kg each year. 	Table D.1 indicates that 
even if organic carbon were totally conserved, other sources must 
supply 12000 kg each year and, a 1 lowing for carbon losses to atmos- 
phere, this figure would be much greater. Thus the supply of organic 
carbon to the loch from the leachate is insignificant. 
page 17 	 2. ORIGIN OF RED MUD AND LIQUCR  
2.2.2. CHEMICALLY DEPOSITED SOLIDS 
The suspended solids content of the leachate going to Kinghorn Loch 
is likely to be a mixture of red mud solids flushed from the tip and 
material which is formed by the reaction of hard water with caustic 
leachate. The latter material tends to be lighter, paler in colour 
and more readily swept from the settlement pond. Samples of the 
suspended solids have been obtained at intervals over the term of the 
study and analysed to determine their origin. Metals were digested 
by boiling the sample, previously made to 2% with nitric acid, prior 
to analysis by atomic absorption spectroscopy while carton was 
determined directly on an elemental analyser (see Chapter 9.3 for 
methodology). Table 2.6 tabulates these results. 
organic inorganic 
date Ca Mg Al Fe As V C 
1-12-82 32 .64 .81 .32 .. . .. 4.01 11.1 
9- 1-83 33.6 .41 .73 .41 .068 .031 3.59 10.6 
20- 2-83 32.3 .46 .68 .28 .074 .053 3.59 10.4 
14- 4-83 34 .55 .86 .31 .072 .026 3.8 11.1 
TABLE 2.6. Analysis of leachate suspended solids. 
Results are given in % (dry weight). 
The high level of calcium in. these samples indicated that 80-85% of 
the solids was calcium carbonate. Aluminium and magnesium were 
probably associated with about 4% of clay minerals while the iron may 
represent hydrated iron oxide at about 0.5%. It is evident that this 
material is derived primarily from precipitated reaction products and 
is not red mud solids. On subjecting the solids to X-ray diffraction 
crystallography it was found. to contain calcite and a little quartz 
along with broad amorphous baseline material. 
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2.2.3. RED MUD 
Bulk composition data are readily available for red mud and Table 2.7 
sets out a comparison of the ranges found in the literature for red 
muds generated from bauxites originating in Guyana 7 , Australia 1 , 
Greece (and elsewhere)1 2, Jamaica and Brazi1 . These are compared 
with information supplied by BA Chemicals Ltd for 1974 (I) and 1978 
(II) and analysis (one sample only) carried out during the present 
study. 
All references BA Chemicals 	present 
approx. study 
range mean (I) (II) 
A1203 440 15 17.9 15.8 19.9 
Fe 703 8-80 45 48.4 51.0 38.8 
SiO2 3-20 10 3.9 5.9 12.6 
Na90 1.5-11 4 5.6 6.9 6.7 
TiO2 0-20 5 6.8 7.6 4.9 
CaO 0.7-20 4 3.5 2.0 6.1 







TABLE 2.7. Composition of Red Mud from 
Whinnyhali Tip - Comparison with literature 
values. L.O.I. = loss on ignition. All values 
as %dry weight. 
It will be noted that the analysis shows the red mud to be of typical 
average composition though the soda content is somewhat high. This 
is also reflected in the pH of the extracted liquor. Red muds 
generally fall within the range pH 11.6-12.8 whereas that from 
Whinnyhall Tip is higher at pH 12.8-13.5. The calcium content, 
though in some small part derived from calcite or dolomite in the 
bauxite, mainly originates from the liming of mud during separation. 
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The inorganic carbon figure indicates that less than half of the 
calcium is present as carbonate, some 5.8% of the mud being carbonate 
(as calcium carbonate). 
At least half of the minerals found in red mud are formed during the 
Bayer process1 3,  goethite (FeOOH) being the principle mineral to 
remain unaltered. However X-ray diffraction studies, carried out on 
my behalf by the University of Strathclyde Department of Applied 
Geology, found that the hydrated iron oxide phase of red mud taken 
f ran Whinnyhal 1 Tip consisted of hematite with only a minor goethite 
component. 
Orban et all 4  have dealt with the passage of bauxite through the 
process and determined the mineralogy of the altered products. The 
minerals that are formed (or remain unaltered) is a function of the 
calcite and dolomite content of the bauxite. As the bauxite used at 
Burntisland is generally of very low total calcium content (typically 
0.2% as CaO) it is sufficient to consider only low calcium processes. 
The first minerals formed involving calcium and magnesium are titan-
ates CaTiO3 and MgTiO3 but as the liquors are inadequate to complete 
this reaction, other minerals of the type Na 20.3TiO2 and Ca(Mg,Al,Fe) 
titanates will form. In low calcium bauxites of this nature the 
residual aluminium would be restricted in the range of minerals it 
could form and most would be incorporated in sodalites (sodium 
aluminium hydrosilicates). Some residual boehmite and diaspore 
(hydrated aluminium oxides) would remain unaltered and an appreciable 
amount may be incorporated in the surface of iron oxides and calcite. 
Sodal ites formed may typically be represented by 
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3(Na20.A1203.2SjO 2 ).Na2 3J 3.2H 20 and 3(Na20.A1203.25j02).Na 2SO4.2H 20. 
The formation of these minerals would also account for the loss of 
sodium ions during the process and their presence provides the red 
mud with a high ion exchange capacity. Some of this capacity will be 
used by calcium during the subsequent liming to form calcium 
aluminium silicates and calcite and the surface of calcite particles 
so formed are found to become adulterated by hydrosilcates and 
titanates of Ca, Mg, Al and Fe1 . 
Red muds are materials of high porosity and large specific surface13 
(typically 22-36 m2  9 1 for this type of bauxite) and the sodalites 
formed tend to be microcrystalline (0.1-lum in diameter). These 
physical characteristics and the high base exchange capacity (500-
1000 mEq kg-1 ) of red mud means that the removal of sodium causticity 
from the tipped material will present a long-term problem but also 
that any fresh red mud entering KinghornLhwjl possess a high 
metals scavenging potential. Sodium is likely to be replaced initi-
ally by calcium and hydrated iron oxide surfaces will attract 
arsenic. 
It will be realised from Chapter 2.2.2. that red mud was not normally 
brought into the loch as suspended matter. However when the contents 
of the settlement pond were released into the loch the flood debris 
certainly contained a considerable proportion of red mud, apparent by 
its bright red colour. The aqueous inputs to the loch contained 
virtually no iron and yet, despite the high sedimentation rate within 
the loch, the sediment column contained around 2.5% iron (as Fe). 
Suspended solids entering the loch, given the approximate sedimenta-
tion rate from Chapter 2.1, would provide only enough iron to give 
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the sediment a level of 0.02% iron,, and detrital inputs from else-
where cannot make up this difference. Thus a substantial quantity of 
red mud must have been finding its way into Kinghorn Loch. This 
input of iron is of great importance for the understanding of the 
processes occuring as will be seen during later discussion. 
2.2.4. BURNT BLES 
Burnt blaes is a material that was dumped at the west end of the 
Whinnyhal 1 Tip "valley" during the nineteenth century as the waste 
from the oil shale distillation industry that developed in the area. 
Oil shale was mined from beneath Whinnyhall and indeed Kinghorn Loch. 
The industry had declined by 1910. 	Burnt blaes was subsequently used 
in enclosing the red mud tipping site and is much in evidence at the 
west end of Kinghorn Loch. The blaes is composed of burnt siliceous 
shale which forms hard, though brittle, lumps. It appears to be 
chemically inert. Consequently, in the context of this study, blaes 
is not thought to be of significance. 
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CHAPTER THREE 
ORIGIN AND CHEMICAL COMPOSITION 
OF NATIVE WATERS 
U 
3.1. ORIGIN 
3.1.1. PHYSICAL FEATURES 
The topography of the catchment areas of the streams serving Kinghorn 
Loch is quite inspiring. 	Allan and Knox 15 in 1934 described it thus, 
and quote: 
"Thus, where the Calceriferous Sandstone volcanic rocks outcrop 
around Burntis land the ground rises rapidly from the coast to a 
height of over 500f t [150 m] in a series of craggy escarpments 
with north-facing dip-slopes. Projecting above the general level 
of the volcanic rocks and associated sediments are a number of 
isolated hills marking the sites of volcanic vents; the most 
prominent of these being The Binn of Burntisland, 632ft [193m] 
and Dunearn Hill, 727ft [221m]" 
Where each north dipping scarp outcrops, a narrow, shallow valley is 
formed which runs gently eastwards. The catchment of Glassmount 
Reservoir is one of these (see Figure 1.1.) as is that which feeds 
into Whinnyhall Tip. The very shallow valley in which the tip sits 
also feeds eastwards with a sharp scarp to the north and a sharp 
scarp falling away to the Kirkton Burn on the south. Rock outcrops 
extensively in the area and all the valleys are covered, probably to 
quite a shallow depth, with glacial deposits. Reference to Figure 
31. will show that the catchment areas referred to as "Glassmount 
Reservoir" and "Kinghorn Loch" in Figure 1.1 are contained entirely 
on the basalt and basaltic tuff that overlies the Oil-Shale Group of 
the Calciferous Sandstone Series of the Carboniferous Period. These 
olivine basalts were studied by Allan 16 who divided the basalt flows 
into three types shown in Figure 3.2. The three types were described 
in the following manner: 
1 .Dalmeny Type. A rock with many small phenocrysts of olivine and 
few of augite and felspar in a fine-grained, non-ophitic 
groundEnass of felspar laths and granular augite. 
2.Hil lhouse Type. A rock similar to the Dalmeny type basalts, but 
with a groundrnass containing much more augite than feispar, 
usually with sane residual glass. The augite shows zoning, hour-
glass structure, and twinning. 
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3.Kinghorn Type. A rock carrying many phenocrysts of olivine and 
augite in nearly equal proportions. The pyroxene, which is in 
slightly smaller crystals than the olivine, is somewhat purplish, 
and has a strong tendency to glorneroporphyritic aggregation. The 
groundmass is dark and fine-grained, consisting of laths of 
felspar, granules of augite, sometimes a little olivine, and 
specks of black iron oxide, together with a considerable quantity 
of uncrystallised base. 
Elemental analysis of the types is also given, and reproduced here as 
Table 3.1. It will be noted that all are very similar in chemical 
composition. 
Dalmeny Hillhouse Kinghorn 
Si02 46.28 42.49 43.56 
A1203 14.18 13.85 13.77 
Fe203 11.13 11.91 12.01 
MgO 10.82 11.21 10.81 
CaO 9.88 9.76 10.00 
Na20 2.58 2.39 2.72 
K20 1.01 0.87 0.46 
Ti02 2.06 2.51 2.85 
P205 0.44 0.61 0.27 
MnO 0.09 0.29 0.24 
TABLE 3.1. Elemental Analysis of Basalt Rock 
Types.. (analysis of Dalmeny type actually 
labelled Craiglockl-iart type - a similar rock.) 
Analysis is in % of gross weight. 
Allan found that the tuffs contained not only volcanic material but 
dark shale, sandstones, thin limestone and coal, similar in diversity 
to those occuring below the IaVaS. 
Whinnyhal 1 Tip and the Kirkton Burn lie below the base of the lava. 
The scarp, forming the north edge of the tip, is topped by lavas 
lying over 4 m of sandstone with a coal seam, the Houston Coal, at 
its base. This coal seam was less than 0.5m thick and consisted of 
inferior coal containing much pyrite. The sandstone has a thickness 
of some 40 m above the Fells limestone and underlies Whinnyhall 
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Tip15. It is said to be of inferior quality, being soft and friable 
and containing silt and mudstones. It was used as an aquifer for 
public supply prior to becoming polluted and was believed to be 
artesian. Some 90 m below the lava base are the Dunnet Shale beds 
fran which oil was extracted. 
Figure 3.3. shows the superficial geology of the area. The boulder 
clay situated on the volcanic rocks are stiff clays containing many 
boulders and are rusty brown in colour1 5. Several of the hollows 
contained kettle holes and these are filled with peat. Boulder clay 
also overlay the sandstones of Whirinyhall Tip. This hollow held a 
lake and its section, as seen in 1887 during the railway const-
ruction, consisted of 0.3m peat, 0.3m marl, im greenish clay with 
shells, and 0.3m clay without shells over boulder clay 15 . It is 
probable that the construction of this cutting diverted drainage of 
the natural waters of Whinnyhal 1 Tip from Kirkton Burn to Kinghorn 
Loch. 
3.1.2. DRAINAGE PATTERN 
In Figure 1.1. drainage to the loch had been divided into three 
"catchments" - Whinnyhall Tip, Glassmount Reservoir. and Kinghorn 
Loch. This is because of the special considerations required in 
considering flows f ran Whinnyhall Tip and because the water obtained 
via Glassrnount Reservoir has been intercepted from its natural 
course. 
If we assume that the area of Whinnyhall Tip that drains to Kinghorn 
Loch is 0.05 km 2  then: 
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FIGURE 3.3. Superficial geology of the catchments 
R CLAY 
For average annual rainfall(ex.Meteorological Of fice)= 750 mm 
For mean evapotranspiration(ex MPJFF Bulletin No.16) = 470 mm 
For loss to groundwater through boulder clay; say = 50 mm 
Then volume of run off =0.36 1 s_i 
In fact the flow was 2.73 1 s_ i for 1981 to 1983. 
Thus this simple treatment is inadequate. It is probable that the 
drainage frcm the whole of the valley  goes to Kinghorn Loch and that 
the leachate to the Kirkton Burn acts as an overflow carrying 
drainage from above the consolidated red mud. Thus the loch would 
receive drainage from as far as Binnend at the head of the valley but 
not necessarily its fair share from the tipped red mud. Seepage to 
groundwater is likely to be much greater at Binnend where there is 
little boulder clay. Further although there may be losses by evapor -
ation there is unlikely to be an/ through transpiration over much of 
the tip area. It is not considered that the red mud itself will in a 
net way contribute significantly to any flows. The situation is 
further complicated by the fact that much of the water draining this 
valley is spring water issuing from a line of springs at the base of 
the basalt. By consideration of the relative level of sodium (as a 
conservative parameter) in the red mud interstitial water, native 
water [taken from Craigencalt Farm (North) inlet analysis] and rain-
water compared to that in the leachate, it is possible to estimate 
that the red mud interstitial water is diluted approximately 5:1 by 
native water and rainwater in forming the leachate. 
When the loch was surveyed in 1905 as part of the Royal Geographical 
Survey 17 the catchment area was stated as being less than 60 ha, a 
ratio of only 5:1 compared to the surface area of the loch. Apart 
from some channelling of the marshy ground at the north west end of 
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the loch and a wet area to the west of the main Craigencalt Farm 
(North) inlet there are no obvious flows into the loch within its own 
natural catchment. 
Glassmount Reservoir collects water from an extensive series of 
underground culverts draining the area due west of the reservoir as 
far as Baspard Hill. The full extent of this collector system is not 
known but frau the number of known springs in the area it is reason-
able to assume that a significant proportion of the water going to 
the reservoir is derived from the basaltic tuff aquifers extensively 
outcropping in the area. In fact if a similar calculation to that 
given above is applied to a calculation of likely flow passing the 
mill at CraigenOalt Farm then, for acatchment area of 1.4 1cm 2 , the 
mean flow would be 9.9 1 s. This compares with an -actual flow of 
15±2.7 1 s-i for 1981-1983. The precision available for the 
calculated value is not known. The evapotranspiration in the area is 
unlikely to be typically average and indeed is likely to be below 
average due to the lack of tree cover. The estimated contribution 
from groundwater loss is based on a layer of average boulder clay 
which presents a considerable resistance to hydraulic transfer. Much 
of the catchment valley floor is on permeable tuff which contains 
several springs. If springs can rise in this area then it is likely 
that discrete pathways exist for water to sink as well. If it is 
assumed that evapotranspiration could be 20% lower and that the 
variance in groundwater losses could be ±100% then the precision of 
the estimate becomes 10.8+-3.1 1 s-i (95% c.l.). Thus it is probable 
that at least 25% of the flow past the farm will have originated as 
groundwater. 
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Agricultural development of this catchment is greater than in the 
other catchment areas involved. Even so the majority of the area is 
given over to enclosed pasture and rough grazing with a smaller 
contribution from arable and animal feedstock production. It is 
unusual that this reservoir has consistently produced water with a 
high nitrate level (up to 10 mg 1 as N) and this problem finally 
led to its use being discontinued in 1975. It was brought back into 
use in 1980 for a short time but at all other times full flow has 
been entering the loch (mean flow for 1981 to 1983 was 15 1 s 1 ). 
Problems with high nitrate levels are known, by the Water Supply 
Services of Fife Regional Council, to arise in areas of high aquifer 
production. The reason for this is not known. 
The water flowing from this small reservoir is culverted to a filter 
house and thence to a mill pond serving the disused mill at Craigen-
calt Farm. It passes down the mill race into the loch. 
3.2. CHEMICAL COMPOSITION. 
Samples of the native water inputs to the loch have been collected 
and analysed on a weekly basis from January 1st 1981 until 1984. The 
data have been conveniently divided into pre- and post-4y 1983; the 
time when the leachate flow was removed from the loch. Prior to this 
time the only discrete unpolluted native water input was the north 
inlet past Craigencalt Farm and the analysis is collated in Table 
A.2. of Appendix A.3. By reference to the statistical appraisal 
given in Appendix A it wi 11 be seen that for all important parameters 
(other than phosphate which is very low anyway) the requirement for 
the long-term mean to be within 10% of the true figure is met for 
concentration measurement but only at 20% for loadings (at 95% c.l.). 
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After May 1983 the flow at the settlement pond dam decreased but did 
not cease due to the flow from a natural spring at the head of the 
cutting. The water flowing from the settlement pond was redesignated 
as the west inlet. Post-May 1983 samples of the north inlet are 
collated in Table A.3. and of the west inlet in Table A.4. of 
Appendix A.3. 
The north inlet possesses an unusually high pH for an oligotrophic 
water, averaging 8.1. pH's in excess of 8 would normally only be 
met, in the United Kingdom, by productive waters. The water is also 
moderately high in dissolved silicon (that which passds a Mum 
membrane) averaging 4.3 mg 11 as Si. It is this input in particular 
which allows an interest in clay or aluminosilicate synthesis in the 
loch as the leachate, which is high in aluminium, is deficient in 
silicon. Due to the node of collection of the north inlet water- and 
its retention by Glassmount Reservoir, the inlet makes, only a minor 
contribution to the suspended load to and within the' loch. This is 
estimated (from Table A.2) at 5000 kg detrital solids each year. 
No reliable information appears to be available concerning the compo-
sition of the water from the springs lying beneath the red mud. 
Those analyses that are available are, in the main, incomplete and 
apparently inconsistent and, excepting one from 1958, have not been 
considered here. However data are available from the author's study 
of the Kirkton Burn catchment between 1977 and 1979, carried out in 
pursuance of his normal duties with the F.R.P.B. These data are 
illustrated in Table 3.2. and include analyses of the source of the 
Kirkton Burn and several native' springs draining to the Kirkton Burn 
within 0.5 km of its source. 
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TABLE 3.2. Analysis of Springs Rising Within the Calciferous 
Sandstone Series. 
I rising of the Kirkton Burn 	 - 
II water collected by pipe 1 00 downstream of I 
III spring water entering burn 150m downstream of I 
Iv ferruginous spring water entering burn 300m downstream of I 
V analysis of spring water from Whinnyhall Tip ex.oilshale 
workings (BA Chemicals - 1958). 	
* All results in mg/i dissolved deterrninand other than marked for 
total determinand. 0 is considered an erroneous result. 
All of these risings probably exit from mine workings within the 
Dunnet Shale beds but should be reasonably typical of the water 
contained within the Calciferous Sandstone Series proper. The west 
inlet to the loch originates from a similar source but may be 
affected to some extent by leachate seeping through the wall of 
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Whinnyhall Tip and also by the sediments still in the settlement 
pond. Vanadium and arsenic levels found in the Kirkton Burn rising 
indicate that it too was polluted by seepage from Whinnyhal 1 Tip. It 
will be noted that the analysisof a spring, now buried by the tip, 
performed by BA Chemicals Ltd in 1958,   is of a high sulphate, high 
calcium and moderate sodium and chloride type water similar to the 
other sources shown. However the alkalinity of this sample appears 
erroneous and no pH is provided. These waters are considerably more 
mineral-rich than the north inlet to Kinghorn Loch, though of a 
similar type. Thus the ratio of native water: leachate leaving Whinny-
hail Tip of 5:1, as previously postulated on the basis of north 
inlet water analysis, may be an underestimate of the dilution avail-
able. The Kirkton Bum rising shows a much lower nitrogen status 
than the north inlet. Apart from the west inlet spring however, 
seepage to the loch from non-discrete sources would cane off the 
basalt bedrock or its derived boulder clay and would therefore be 
expected to have a composition similar to that of the north inlet. 
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CHAPTER FOUR 
KINGHORN LOCH 
AQUEOUS CHEMICAL COMPOSITION 
AND ESTIMATION OF LOSSES 
TO THE SEDIMENT 
4.1. PHYSICAL DESCRIPTION. 
Kinghorn Loch is set in a hollow in the basalt bedrock. It is 
probably underlain by boulder clay although bedrock is exposed along 
its east and north shores and is close by the south and south-west 
shores. The north shore is virtually devoid of trees and only a few 
occur along the east. The shore bordering the Kinghorn to Burnt-
island road is planted with trees along its length as is the west end 
which consists of brush and shallow water fronted by a line of dead 
trees set in the water. The level of the loch was raised in the 
nineteenth century by the construction of a dam and sluice at the 
outlet, drowning small parcels of land at the west end behind the 
dead trees and forming the bay at the point where the north inlet 
enters the loch. The level was further raised in the 1970's but as 
this caused flooding of the road the original level was restored. 
Figure 4.1. shows .a plan of the loch with the sampling station 
notation superimposed upon it. The sampling grid allows 51 sampling 
points at 40-60 m intervals and this number was chosen as the largest 
practical, in order to allow a statistical appraisal of the inverte-
brate numbers for the 42 sampling points within the body of the loch 
proper. Permanent onshore features were used as markers for these 
trancepts wherever possible. Wooden stakes were driven into the 
ground to within 25 mm of ground-level to mark all other trancepts, 
with one peg near the shore and another approximately 20 m in tran-
cept line behind it on the hillside. On the east shore this per-
manent marking was not possible and the remote pegs required removal 
each Autumn prior to ploughing of this field. The pegs were 
positioned by use of a theodolite and checked for line by compass to 
be within 0.009 rad (30') of the desired bearing. 
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FIGURE 4.1. Plan of loch showing 	
hymetric contours and sampling stations. 
Initially, Ix)uys, which were positidned on the loch by the yachting 
club, were used to aid trancept location but these were driven off 
station by strong winds. In consultation with the clubs involved 
properly anchored buoys were placed in position but these were cut 
adrift by persons unknown. Similar problems were experienced with 
the pegs being removed (despite being 0.5 m in length and inserted 
with a sledge hammer) and continual remedial work was required. 
Eventually any attempt to use water-based markers was abandoned. 
When surveys were conducted, land-survey poles were carefully posi-
tioned against the rear of the pegs in order to locate the trancepts 
from the boat. The accurate positioning of these poles was critical 
for the correct location of sampling positions on the loch. It is 
estimated that location of the far (that is south- and west-most) 
positions was within ±5 m. Several surveys of the loch were carried 
out, for various purposes, during the period of study. On each 
occasion a boat was provided by the Estuary Survey Section of the 
F.R.P.B.; variously a 1 7ft Dory, Task Force or 1 2ft inflatable craft 
fitted with outboard motor. 
The initial survey of Kinghorn Loch consisted of a bathymetric 
profile and the taking of samples for particle size analysis. An 
attempt was made to use an echo sounder for depth measurements but 
this proved unreliable due to the incoherent nature of much of the 
bottom sediment surface. A flat weight on a marked line was used in 
its stead and Figure 4.1. charts the profile obtained. The maximum 
depth of the loch proved to be 12.8 m at a point to the south of the 
geometric centre of the loch. 50% of the area lay at a depth in 
excess of 4.2 m whilst 50% of the water volume lay below 2.5 m. 
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Figure 4.2. illustrates the accumulated volume of the loch and shows 
that a normal summer draw down via the penstock by 1.4 m reduces the 
water volume to 70% of capacity. Figure 4.3 illustrates water levels 
found in the loch during the period of study and shows that the loch 
was not drawn any further than this, although previously extra draw 
down has been accomplished by pumping over the spillway. Exception-
ally, in 1976, the loch surface was drawn down by 4.3 m indicating a 
reduction to 27% of capacity and exposing 50% of the bottom 
sediments. 
4.2. DEVELOPMENT OF THE POLLUTED STATE. 
The natural chemistry of Kinghorn Loch would be that of the north 
inlet waters. The loch should be phosphorus deficient and thereby 
oligotrophic. Over a period from the mid-1 970's up until May 1983 
the loch regularly suffered from excessive phytoplanktonic activity 
at a level seen in very few water bodies in this country. Addition-
ally, the mean pH of 9.94 was prohibitively high for the survival of 
fish and most invertebrates. The loch had the dubious distinction of 
possessing by far the highest level of dissolved arsenic of any 
waterbody in the United Kinglan18, a level of 500 ug 1_1  as against a 
level in most .waters of less than 5 ug 1. Figure 4.4. charts the pH 
of the loch over the period 1954 to 1985 and vividly illustrates the 
onset of significant pollution in 1961 and the ever increasing pH up 
until the removal of the leachate. It also shows the surprising 
rapidity of the improvement in water quality that followed. Pre-1981 
data for compiling this figure were obtained from F.R.PJ3. records 
and from BA Chemicals Ltd. 





























FIGURE 4.3. Water level 
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FIGURE 4.4. pH of Kinghorn Loch at outlet 
4.3. CHEMICAL COMPOSITION. 
Table A.5. of Appendix A.3 collates data for the analysis of the loch 
over the period up to May 1983 and Table A.6. illustrates its 
subsequent recovery. The data contained in these tables were 
obtained from a sampling station near the outlet and need not be 
representative of the water body as a whole. The loch, is relatively 
deep for its size and may be expected to be thermally and chemically 
stratified. Several surveys were carried out during calm weather, 
between February and October 1.981 in order to ascertain whether any 
such stratification would occur and to estimate the homogeneity of 
mixing and chemical reaction throughout the loch. The results of 
these surveys, each covering a three dimensional grid of up to 48 
samples, are displayed in Tables A.7. to A.11. of Appendix A.3. 
These surveys include two taken during prolonged calm weather in 
October. It is evident that the chemistry of the loch water was 
surprisingly hanogeneous over three dimensions. Given this general 
observation, station 39, which will be seen from Figure 4.1. to be 
close to where the pipe carrying the leachate entered, showed a very 
slightly elevated causticity, although on one occasion this station 
showed pH 11.1, 1.2 pH units above loch mean. Similarly a slight 
elevation of calcium level is indicated within the hay of the north 
inlet. These effects are marginal and the transition into general 
loch body chemistry is rapid. 
Of more interest however, though again of very local effect, are the 
reductive and re-solution processes that evidently occur at or near 
the mud-water interface of the deeper stations. The situation is 
characterised by low dissolved oxygen saturation and high electrical 
conductivity, dissolved calcium, magnesium, aluminium and iron, 
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elevated alkalinity and the presence of free sulphide. Unfortunately 
arsenic was not determined for these surveys. These processes have 
only been observed very locally and disappear rapidly within the body 
of the loch water. Reductive processes within the sediment will be 
discussed in Chapter 5. 
The chemical surveys were supplemented on other occasions over this 
period by the instrumental measurement of temperature and dissolved 
oxygen down the profile of station 21 and the findings are summarised 
in Figure 4.5. It is evident that, although thermal stratification 
did not occur to any significant extent, in calm weather the mud-
water interface was often anoxic. The summer of 1981 proved to be a 
time of relatively low phytoplanktonic activity (see Figure 7.5) and 
the data should be compared with those for July 1983 (see Figure 4.6) 
when extremely high phytoplanktonic activity was observed. The 
figure shows that on 10th July 1983 the loch was thermally stratified 
and that the high phytoplankton content of the upper waters was 
having a dramatic effect on the dissolved oxygen profile below 2 m to 
the extent that the mud-water interface was anoxic. The pH profile 
showed little variation with depth. This day was completely taken up 
with the taking of sediment cores by divers of Fife Sub-Aqua Club and 
so no further investigatiotis were possible. Unfortunately the calm 
weather had broken before a boat was available for more intensive 
sampling of the anoxic zone. 
The reductive processes appeared to occur only locally within the 
water body itself and any metals taken into solution were redepo-
sited. Arsenic may however be lost to the :atmosphere either as 
arsine or Qrganoarsenicals (see Chapter 4.7.6). Overall, these 
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processes will have had only a minor effect in determining the gross 
deposition rate. They do however indicate likely  conditions within 
the sediments and are therefore of vital interest in determining the 
broader relationships within the whole water body-sediment system. 
The concentration of determinands found in the loch were affected by 
two major processes both of which caused irretrievable loss of 
material to the sediments. The first process was the chemical 
reaction of the leachate and the inlet waters to form carbonate and 
aluminosilicate minerals and the second was the phytoplanktonic 
productivity within the loch which grossly affected the nutrients 
present. These processes would be reflected by similar variability 
of related determinands with time. A significant correlation between 
two determinands will therefore indicate joint participation in such 
processes and the following section was set out to identify these 
relationships. 
4.4. CORRELATION BEIWEEN PAIRS OF DETERMINANDS. 
A computer program, "KLOCHCOEFF" (see Appendix E.1) was written to 
provide evidence of correlation between pairs of determinands by 
comparing each pair of analysis results obtained for those determin-
ands in the loch water over the period January 1981 to May 1983 
(results as set out in Table A.5). The correlation assumed normal 
distribution for the results for each determinarid and used Pearson's 
correlation coefficient (rk) such that for determinands j and k 
rjk= OJVjk/ (Si  .Sk) 
where (3)Vjk is the covarience of j and k, and Si is the standard 
deviation for j. The equation used for the calculations was the 
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expanded form given by Davis. -.,,.-, .-, 
- 	nxij x   	I n 
r3k 
1=1 	ik' i=iij 1i=1 jk 
 J 1X-[( 
where Xij is the ith result for determinand j and Xjk is the ith 
result for determinand k for n sets of results (n = approximately 
107). The following deteiminands were considered for mutual corre-
lation; temperature, pH, dissolved Ca, Mg, Na, K, Al, Fe, total As, 
V, dissolved alkalinity, Cl, SO4-S, S'02-Si,  NO3 _N, NH3-N, F, PO4-P, 
electrical conductivity, suspended solids and chlorophyll-a. Because 
of the logarithmic abundance of chlorophyll-a the 1og of the 
result was used1 1• Correlation was generally very poor and Table 
4.1. indicates the only significant relationships found. All others 
were worse than 0.492 to -0.505. 
deterrninands 	 coefficient 
alkalinity to sodium 0.783 
alkalinity to conductivity 0.731 
alkalinity to pH 0.678 
temperature to nitrate -0.636 
conductivity to pH 0.619 
sodium to potassium 0.604 
conductivity to sodium 0.544 
arsenic to vanadium 0.542 
TABLE 4.1. Significant correlation between analytical 
determinands. 
Correlations between alkalinity, conductivity, pH, Na and K are to be 
expected and it is surprising that correlations were not iery much 
better than those found. Chlorophyll-a was not found to be well 
correlated at all and no sign of correlation with essential nutrients 
was observed. It is possible that the inverse correlation of nitrate 
and temperature represented a manifestation of nutrient assimilation 
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in summer. The levels of As and V in the leachate do appear to be 
related, and the continuance of this fair relationship within the 
loch indicates that either no removal processes are occuring for 
either element or that both undergo similar precipitation or assimi-
lation. Uncorrelated determinarids that are of interest are Na and Cl 
(0.002), NH3  and-NO3 (0.009), Na or K and PO4 (0.01), As or V with Al 
(0.016), and log(chlorophyll-a) with temperature (-0.024), NO 3 
(0.034), silica (-0.08), or PO 4 (-0.101). The level of ammonia in 
the loch water was probably too close to the LOD to generate meaning-
ful correlations. The lack of correlation of Al with As or V 1 which 
are related in the leachate, serves to illustrate the very different 
fate of Al. It is surprising that chlorophyll-a is uncorrelated with 
supplies of nutrients or to temperature. 
4.5. 'IUrAL FLOW CONTRIBUTIONS '10 THE LOCH 
In order to quantify the processes occuring in the loch it is first 
necessary to evaluate the flux of material. In order to do this an 
understanding of the flow budget is necessary. The flow of the 
leachate to Kinghorn Loch passed over a small 60 V-notch metal plate 
weir set in the dam of. the settlement pond at grid reference 
NT254873. It was measured on a regular basis by reference of the 
depth of water above the apex of the "V" 1 to standard charts. Flow 
from the north inlet at Craigencalt Farm was measured by gauge board 
reference at a small flume for the range of 2 1 s -1 to 60 1 s, and 
by timed collection of water from the mill lade discharge pipe (grid 
reference NT258875) for flows <2 1 s. These points were also used 
for the collection of samples. 
The level of the loch is controlled by a penstock which regulates 
page 39 	 4. AQUEOUS CHEMISTRY OF LOCH WATER 
flow to the abstraction pond of the tannery of Scothlair Pelts Ltd. 
This penstock is capable of reducing the loch volume to 70% of 
capacity. -The outlet from the loch was provided with a purpose built 
rectangular profile restrictive weir which operated over the rare 5 
1 s_ i to 50 1 s_ i . Unfortunately the gradient of the stream was 
slight at this point and the weir was regularly swamped due to 
blockages downstream. In any case the opening and closing of the 
penstock caused the flow to be extremely erratic and only gave a 
meaningful indication of daily or longer-term flow when the spillway 
was in operation with the penstock closed. The weir was permanently 
lost during the reconstruction of the penstock and dam in 1983. 
Regular samples of the loch water were taken from the dam, 1 m to the 
north of the spillway, at a water depth of 0.3 m. 
The Hydrology Section of the F.R.P.B. carried out current-meter flow 
measurements at these sites on a regular basis in order to provide 
satisfactdry calibration. These measurements are inherently more 
accurate than the routine readings and provide information suitable 
for determining the flow contribution to the loch from non-discrete 
sources. Hover, since the penstock operation generally controlled 
the flow from the loch it is only that data taken during winter 
months when the spiliway was in operation and the penstock closed 
that an estimate of flow budget could be attempted. It was often 
difficult to know whether a reasonably stable state had been reached 
or whether the penstock had been operating recently. Table 4.2. 
lists readings taken for the period 17th November 1980 to 31st March 
1981 during which time overflow conditions were maintained without 
penstock use. - 
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date leachate north inlet 	outlet 
17-11-80 6.9 64.4 83.0 
28-11-80 4.6 56.0 67.0 
2-12-80 4.3 31.0 44.2 
9-12-80 3.6 22.3 47.0 
17-12-80 3.5 26.3 41.7 
20- 1-81 4.1 33.2 32.9 
2-81 2.7 34.1 33.4 
3-81 8.1 46.1 66.4 
17- 3-81 4.6 44.4 57.2 
31- 3-81 4.3 39.4 53.5 
mean 4.67 39.72 52.63 
s.d. 1.624 13.21 16.06 
TABLE 4.2. 	Flow measurements of known inputs and 
outputs of Kinghorn Loch in 1/5. Courtesy of F.R.P.B. 
Coincidentally the standard deviations for these 10 results are 
similar to those for the long-term means of 1.625 for the leachate 
and 13.142 for the north inlet. Thus the estimate of the known 
inputs is 44.4±8.41 1 s-i and for the outlet is 52.6±10.15 1 s - 1. 
The overlap in these estimates (at 95% c.l.) is considerable and does 
not allow  any reasonable estimate of the contribution from sources 
other than known ones. An attempt to improve this precision by using 
sets from all flow measurements of regular samples taken between 1981 
and 1983 at times when the loch was overflowing proved to be no more 
precise. 
Table 4.3. indicates the sodium concentrations in the inlets and 
outlet. Sodium can generally be considered to be a conservative 
parameter and so may be used as a tracer element in this instance, as 
sodium was so much more abundant in the 1 eachate. than in the natural 
waters. If the flow of leachate is taken as unity then if the 
combined inlets (known and unknown), other than leachate, have a mean 
flow of X 1 s then using mean sodium concentrations over the period 
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1981-1983 leachate north inlet 	outlet 
flow 	mean 2.73111 15.2673 
s.d. 1.64265 13.3411 
sodium mean 2017 20.7134 	249.94 
s.d. 526 3.9222 39.944 
TABLE 4.3. Flow an sodium concentrations for inputs 
and outlet; in 1 s and mg 1 -1 respectively. 
1981 to May 1983 then 
249.9 = (2017+20.71x)/x 
so 	X=7.71 
Also using the standard deviations about the means for sodium levels 
in these waters the precision achieved at 95% c.l. would be a ratio 
of leachate:natural input of 1:7.71±0.46 which compares witha 1981 
to 1983 annual mean of 1:5.59±0.39 fran actual flow readings. The 
difference is significant at a 95% confidence limit. Thus at a 
leachate flow of 2.7 1. s -1 and a north inlet flow of 15.31 
seepage and non-discrete inputs contribute 5.5±2.3 1 s-i to the flow; 
i.e. between 19 and 45% (at 95% c.l.) of the total input flow. The 
mean contr'ibution from non-discrete sources is 32%. For a mean 
leachate flow of 2.73 1 s_ i and a calculated mean inlet waters input 
of 20.8 1 s', then for a loch water volume of 498486 m 3 , mean 
residence time of water in the loch would be 245 days (8.06 months). 
Although this percentage may be different in real terms from the 
actual ratio, due to a contribution f ran rainwater input and evapo-
ration from the loch surface, the use of a tracer that forms an 
integral parameter in the system renders the treatment independent of 
such clean water inputs and outputs. It must however assume that 
the relative chemistry of the non-discrete water is similar to that 
of the north inlet. As the whole of the loch catchment lies on 
basalt bedrock or locally derived boulder clay this would appear to 
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be a reasonable assumption, although the relatively very high levels 
of sodium in the Whinnyhall Tip and Kirkton Burn spring waters must 
temper this assumption somewhat. It will also -.be affected by 
chemical inputs from the atmosphere; the only important one of which 
would be carbon dioxide. The uptake of carbon dioxide is very slow 
but with a water body as alkaline as Kinghorn Loch this may be 
expected to be significant. Despite a residence time of eight months 
the loch water did not assume any significant degree of equilibrium 
with atmospheric carbon dioxide and indeed, at the concentrations of 
hydroxide and carbonate found, the speciation model for the inorganic 
chemistry of the loch (see Chapter 6) predicted that the system was 
best described as completely closed with reference to carbon dioxide 
rather than open and therefore in atmospheric equilibrium. It will 
be seen in Chapter 4.7.4 that this assertion requires modification, 
but that f ran an inorganic equilibrium viewpoint, it generally holds 
true. 
4.6. DETERMINATION OF GROSS MATERIAL LOSS ¶10 THE SEDIMENT. 
Table 4.4. summarises the mean values for relevant determinands for 
the north inlet water and leachate over the period January 1981 to 
May 1983 (as given in Appendix A) and uses the flows calculated above 
to determine the immediate concentrations that would be found in the 
mixed water. 
These values are compared with the actual data for the loch water 
taken from the outlet in order to assertain what losses occured 
within the loch body. Lis€ed with the mean is the standard deviation 
on the mean at 95% confidence limit. This has been calculated 
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DEIIERMINAND NORTH INLET LEACHATE MIXTURE UNITS 
(dissolved) mean s.d. mean s.d. mean s.d. (mg 1_i) 
calcium 43.4 1.083 4.031 0.339 38.8 0.968 
magnesium 22.4 0.581 0.988 0.186 19.9 0.506 
sodium 20.8 0.345 2006 48.40 250.4 5.008 
potassium 0.677 0.036 25.63 0.692 3.563 0.107 
aluminium 0.174 0.017 139.7 4.442 16.31 0.530 
alkalinity 139.4 3.506 4295 115.8 620 15.81 as CaO03 
chloride 25.6 0.407 67.84 1.252 30.48 0.488 
sulphate 23.4 0.908 152.0 4.689 38.27 1.244 as S 
silica 4.52 0.119 7.07 0.261 4.815 0.126 as Si 
borate 0.06 0.003 0.823 0.054 0.148 0.008 as B 
nitrate 7.1.9 0.163 1.839 0.121 6.57 0.149 as N 
nitrite 0.018 0.002 0.366 0.038 0.059 0.006 as N 
ammonia 0.147 0.024 0.681 0.035 0.209 0.031 as N 
flouride 0.136 0.007 3.16 0.275 0.486 0.041 
orthophosphate 0.038 0.007 2.951 0.152 0.375 0.024 as P 
arsenic ---------- 3.565 0.240 0.412 0.028 
vanadium ---------- 5.269 0.391 0.609 0.045 
TABLE 4.4. 	Calculated Mean Composition of Loch Water 
Prior to Deposition and Other Real Processes. 
assuming the data for inlet and leachate respectively for each deter-
minand are part of the same statistical set - a situation that is 
unlikely to strictly hold true when results are of a different order. 
However given the other uncertainties, primarily that of flow ratio 
and the uncertain chemistry of non-discrete waters,. this assumption 
is reasonable. 
Having compiled this estimate of initial chemical composition, it is 
possible to geneaLe an estimate of gross loss within the loch by 
comparison with the real situation at the outlet. The loss of 
suspended solids exiting the loch was not significant (except for 
organic carbon) and can, in this consideration, be ignored. Table 
4.5. calculates the gross loss for each determinand and places a 
degree of significance (at 95% c.l.) against each loss. 
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DE']ERMINAND LOCH OUTLET LOSS UNITS 
(dissolved) mean s.d. mean s.d. SIGNIFICANCE (mgl) 
calcium 3.40 0.243 35.4 0.998 
magnesium 4.35 0.383 15.5 0.635 
sodium 249.6 3.675 0.8 6.211 
Potassium 3.607 0.063 -0.044 0.124 n.s. 
aluminium 6.61 0.220 9.70 0.574 
alkalinity 470.1 8.25 150 17.83 as CaOD3 
chloride 37.84 0.566 -7.36 0.747 
sulphate 45.32 1.826 -7.05 2.209 ** as S 
silica 1.199 0.041 3.616 0.133 as Si 
borate 0.127 0.012 0.021 0.012 * as B 
nitrate 1.84 0.174 4.73 0.229 as N 
nitrite 0.148 0.015 -0.089 0.016 as N 
ammonia 0.264 0.026 -0.055 0.040 n.s. as N 
fluoride 1.476 0.064 -0.99 0.076 
orthophosphate 0.131 0.021 0.244 0.032 *** as P 
arsenic 0.321 0.011 0.091 cT.030 
vanadium 0.494 0.026 0.115 0.052 ** 
TABLE 4.5. Estimation of Gross Loss of Material Within 
Kinghom Loch, Indicating the Statistical Significance of any 
Loss. 
n.s. not significant 	* significant at 90% c.l. 
** significant at 95% c.l. 	significant at 99% or better 
The calculation of losses, involving the difference between two 
uncertain estimates, contains an even larger degree of uncertainty 
and therefore a larger standard deviation. Note that loss of 
alkalinity includes non-carbonate alkalinity such as aluminate and 
silicate which would account for 79.8 mg 1  expressed as CaCD3. The 
adjusted carbonate-hydroxide alkalinity would therefore represent a 
lOSS of 70.2t13.7 mg 1-1. A few of the calculated mean losses are 
negative, indicating the gaining of material, which is evidently not 
possible. The gain in potassium is not significant and those of 
nitrite (significant at 95% c.l.) and ammonia (not significant) are 
related to the change in the status of nitrate. The gain in concen-
tration of chloride ion is significant at 99.9% c.l. This high level 
of significance is produced because the level in both inlet and 
leachate varies very little and both concentrations are of the sane 
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order. There is no apparent relationship between chloride content 
and road salting in the wintertime as no seasonal variation is 
evident. The increase is relatively insignificant at 7 mg 1_1  and it 
was thought likely to have arisen from the ingress of sea water spray 
as the loch is situated only about 1 km from the Firth of Forth on 
the east side right around to the south-west and tends to be very 
exposed to the prevailing south-west wind. This gain would be 3800 
mg m 2 month- ' and represent a level of chloride in rain water of 61 
mg 1  or a mean fall of sea spray of 2.5 mm year- '. During the 
period of study a rain gauge was set up at the golf course south of 
the Kirkton Burn but its operation was never satisfactory. However, 
water taken from this gauge contained a mean of 16 mg 1  chloride 
and 4.7 mg 1 -1 sulphate (as S). Whereas this contribution to the 
chloride is inadequate to reduce its statistical significance it 
reduces the error to a gain of 5.4 mg l. Because of the high level 
of sodium found in the loch the concomitant increase in sodium is 
insignificant. 
The gain in sulphate is significant at95% c.l. even allowing for the 
small contribution from rain water. A careful study of Table A.4. of 
the Appendix will show that west inlet water (when not showing signs 
of leachate ingress) contains 80-120 mg 1 -1 of sulphate compared to a 
north inlet mean of 23 mg i. 'Thus if the estimated 32% of inlet 
water that is of non-discrete origin contained even a modestly 
increased level of sulphate then this gain would be explained and 
sulphur would be available for mineral and organic deposition. The 
gain in fluoride, though small, cannot be satisfactorily explained. 
It is significant at 99.9% c.l. The most likely cause of this is the 
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under-estimation of the fluoride content of the leachate, but a long-
term mean of 10.8 mg i would be required compared to a reported 
level of 3.16 mg 1 1 . The reported values contain a large number of 
samples with very low fluoride contents (less than 0.5 mg 11) as 
well as high ones up to 19.5 mg 11.. The selective ion technique has 
been found to be very reliable for a normal range of river waters and 
TISAB (total ionic strength adj ustment buffer) gives efficient pH and 
cornplexation control. Recently however, Nicholson 201 . in reviewing 
errors associated with this determination in digests of rock samples 
found that a minimum decalexing time of 20 mins should be allowed 
and preferably that the buffer should be added to the sample during 
the previous day. This was not done for the fluoride determinations 
carried out during this study. Further it is stated that higher 
concentrations of aluminium may reduce the effectiveness of the 
buffer and that sample pretreatment may be required. Although the 
leachate would not contain the ionic concentrations found in rock 
digests, concentrations of potentially interfering ions were greatly 
in excess of those normally found in samples subjected to this 
analysis. Thus considerable doubt is cast on the determination of 
fluoride in the leachate and it is quite likely to have been under-
estimated. No estimate is possible for sodium, as this was used for 
the flow budget calculation, but any sodium taken into clays will, in 
any case, be indeterminably small. This is emphasized by the very 
low sodium content in sediment matrix material (Table D.1.) and in 
experimental sedimentation studies (Chapter 4.10.). Table 4.6. 
tabulates the projected losses (for a surface area of 112560 m 2 ). 
Table 4.6 would indicate a loss of 4615 mnDl m 2 year-1 of carbonates 
to the sediments as a result of the precipitation of alkalinity 
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DEI'ERMThIAND MEAN RANGE 
(nimol m 2 year-1 ) 
calcium 5818 315 
magnesium 4242 341 
aluminuium 2357 276 
silicon 847 59.1 
alkalinity 4615 900 
nitrogen 2206 210 
phosphorus 51.7 13.3 
arsenic 7.95 0.53 
vanadium 14.84 13.4 
boron 12.5 14.32 
EAN RANGE 











TABLE 4.6. Projected Annual Losses to the Sediment. 
The range is set about the mean and is at 95% c.l. 
* alkalinity contribution fran 0J 3-OH system only. 
chemically derived from aqueous inputs. It is thus probable that a 
surplus of calcium is available to undergo deposition as calcite by 
biogenic processes involving the phytoplankton population using 
carbon derived from the atmosphere. Wetzel 2' found that several 
lakes containing phytoplankton at chlorophy 11-a levels of 3-10 ug 1, 
absorbed carbon dioxide from the atmosphere at a rate of 1-15 mg 1 -1 
month-1 . In Kinghorn Loch this would represent approximately 12-180 
g m 2 year -1 of C input. It will be seen in Chapter 7 that the 
chlorophyll-a levels in the loch have generally been well in excess 
of the above figure. Thus in addition to the carbonate flux to the 
sediments a considerable organic flux may be anti cipatecL Any such 
contribution will have been almost entirely generated by phyto-
plankton, as macrophytes were almost totally absent, particularly in 
later years, and debris from tree leaf-shedding would be limited. 
If phytoplankton, by initial consumption of carbon dioxide during 
photosynthesis, were providing a driving force for its absorption 
into the water body then the prediction of the speciation model 
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indicating approximation to a closed system with respect to carbon 
dioxide is not accurate (although it is approximated to for inorganic 
speciation only). However thermodynamic non-equilibrium with respect 
to carbon dioxide remains evident. 
4.7. SIGNIFICANT CHEMICAL AND BIOCHEMICAL PROCESSES. 
4.7.1. CARBONATE MINERAL FORMATION 
In the vast majority of temperate natural situations it is considered 
that carbonate sedimentation occurs through biogenic processes 22 . 
Algal and bacterial action is normally responsible for conveying 
bicarbonate and calcium ions into a suitable environment fran which 
precipitation can occur. This intervention is unnecessary in 
Kinghorn Loch waters as abundant carbonate ion is readily available. 
That calcite can be chemically generated within the system will be 
shown in Chapter 4.7.1.1. It is probable that sane calcite is bioti-
cally produced but it is likely that this process is not daninant as 
the residual levels of calcium, carbonate and pH are not correlated 
with biological activity in the loch. 
Several workers have investigated the rate of calcite production but 
most have been concerned with the marine environment. Kazmlerczak 
approached the subject by studying the rate of crystal- 
lisation in both a closed system and under maintained conditions of 
supersaturation and pH. Calcite, precipitated onto abundant calcite 
seed crystals, was produced with a first order rate constant 
(normalised to specific area of calcite seed) independent of the 
level of supersaturation. This confirmed the absence of secondary 
nucleation or intermediate processes, involving a mechanism of direct 
growth on the seed crystals. The observed rate of growth was such 
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that under the conditions of Kinghorn Loch at pH 10, generation of 
calcite would be essentially complete within 2 hours. Plummer et 
a1 24 reported a rate of crystal growth (R), applicable to low pa)2 
values and near-neutral pH, such that 
R = k(Ct-C )2 
where C is concentration of calcium at time t and Cs is the concen-
tration at saturation and k is a growth constant. This relationship 
finds that growth is second order under these conditions. 
Calcite crystal growth in the loch is likely to be affected by 
various interfering substances. Stewart and Wetze1 25 found that low 
levels of fulvic acid (<2 mg 1 -1 ) were potent inhibitors of crystal 
growth. They considered that many such substances retard calcite 
formation by blocking spiral dislocation growth sites, forcing 
crystal growth by the much slower process of surface nucleation. 
Section 4.7.1.1 shows that the deposit formed from filtered leachate 
and inlet water was white and essentially devoid of organic carbon. 
It was apparent during this experiment that appreciable precipitation 
of deposit occured immediately even without available seed, and the 
rate of reaction will be further examined in Chapter 4.10. 
The log([Ca ]/ [ Mg]) ratio in the loch prior to deposition approx-
imated to 0.2. According to Figure 5.13 of Stumm and Morgan8 this 
places the loch water just inside the area of stability for calcite 
rather than dolomite. It would not however preclude a mixed phase of 
calcite with some magnesium lattice positions. However dolomite 
should be the stable phase in seawater but no convincing evidence for 
its recent formation in seawater has been found 8. Dolomite formation 
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(under saline conditions) is known to be extremely slow 26 , whereas 
calcite formation is rapid. It is thought 8 that the formation of 
magnesium calcite may be kinetically more favourable. The experimen-
tation in Chapter 4.7.1.1 produces a deposit with a small amount of 
magnesium incorporation (Mg/Ca <0.015) but this amount would be 
readily accounted for by the formation of aluminosilicates. XRD 
studies (chapter 4.7.1.1) show no deviation from calcite structure. 
4.7.1.1. EXPERIMENTAL PRECIPITATION STUDIES. 
This experiment was conducted during 1984, after the diversion of the 
leachate. The leachate used was a "combined leachate" sampled from 
the outlet of the mixing it at the exit of the pumped line going 
ultimately to the Kirkton Burn. This leachate comprised that which 
had been diverted from the loch plus that which historically drained 
to the Kirkton Burn. Table 4.7 tabulates the analysis of this 
leachate relative to the three-year mean for the leachate going to 
Kinghorn Loch. 
determinand "combined leachate" leachate to loch 
pH 12.6 12.1 
dis. Ca 7.5 4.0 
Mg 5.5 1.0 
Na 3585 2006 
K 57.3 25.6 
Al 137 140 
Fe 0.12 0.13 
V 2.8 5.3 
As 1.6 3.6 
Si02 63 7.0 
Cl 120 68 
alkalinity 7825 4295 
SO4 166 154 
PO4 8.5 3.0 
F 15 3.2 
NO3 1.5 1.8 
NH  3.0 0.7 



















TABLE 4.7. Comparative analysis of "combined leachate". 
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20 1 of inlet water was pressure filtered through a washed glass 
fibre disc (grade C) while 2 1 of combined leachate was passed 
through a 0.45 urn pelycarhonate membrane. Two 10 1 polythene bottles 
were thoroughly cleaned and 10 1 of inlet water placed in each. The 
inlet water was stirred with a PTFE coated magnetic follower and 
- leachate added dropwise at a rate of approximately 5 ad min-'until 
each batch was raised to a 1:50 and a 1:200 leachate:water ratio 
respectively. . The addition of leachate was extremely slow in order 
to avoid any local concentration effects as suggested by Hayden and  
Rubin27. The fol lowers were removed and rinsed into the mixture with 
distilled water. The bottles were capped and thoroughly agitated for 
10 mm. The bottled were retained in darkness at 20 0C for 6 months 
and were thoroughly agitated for 10 min each day. 
On removal the bottles were thoroughly shaken for 10 min and returned 
to the incubator overnight. The mixture was carefully syphoned from 
each bottle to half the original volume. The bottles were thoroughly 
shaken and settled overnight. A syphon was clamped into place in 
each bottle and the volume very slowly (approximately 50 cm3 min-1 ) 
reduced to 400 an 3. No obvious sediment loss was observed. Each 
bottle was thoroughly shaken and the suspension thansf erred to a very 
clean 50.0 an 3 stoppered measuring cylinder. 2x50 an 3 washings were 
added, using filtered water, and the cylinders settled overnight. 
The •supernatent was drawn down to 50 cm 3 and each suspension 
transferred (with 2x5 cm3 washings) to a centrifuge tube and sealed. 
Each suspension was centrifuged for 30 min and the liquid carefully 
removed with a Pasteur pipette. The residue was washed with 2x40 an 3 
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water, each time centrifuging for 30 min. Finally 2 cm 3 water was 
added and the residues transferred to 50 an 3 round bottomed flasks 
and frozen by swirling in liquid nitrogen. The residues were then 
freeze-dried. Table 4.8 illustrates the pH change occuring and the 
yield after 6 months. 
sample 	immediate 
ratio pH alkalinity 
	
1: 50 	10.03 	270 
1:200 9.33 160 
after 6 months yeild 
pH 	alkalinity (mg) 
9.26 	145 804 
8.24 125 97.2 
TABLE 48. Experimentally precipitated "natural" material. 
The recovery of solid was calculated to be 75% for 1:50 and 28% for 
1:200. Thus, a considerable risk exists that the solid recovered, 
particularly at a 1:200 ratio, will not be representative of the bilk 
of the deposit. It should, however, be representative of carbonate 
mineral formation. The original mixed solutions were both brown in 
colour but the deposits formed were white/pale cream. The freeze-
dried deposits were ground in an agate mortar and pestle for 10 mins. 
Inorganic components were estimated using the thin-film procedure of 
Chapter 9.2.1.3 using 4 replicates of each analysed against 4 
replicate blanks. A further 4 replicates were steeped in 5% acetic 
acid for 20 days before being. removed, washed thoroughlywith 
filtered distilled water and dried at 30 0C overnight (see Chapter 
9.2.1.3). Four replicates blanks were simi lr ly treated. Aliquots 
were analysed for organic components as in Chapter 9.3, and further 
material was subjected to X-ray diffraction studies. Table 4.9 
tabulates the results found. Results for elements determined by XRF 
have been normalized to a Ca:inorganic C ratio consistent with Ca 
existing as CaOJ 3. Normalization is required due to inevitable 
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losses of material to the sides of glassware (N.B.Price, personal 
ccmmunication). Statistical appraisal of the absolute mass of sample 
on each replicate membrane (approximately 100 ug) indicates that mass 
per membrane is repoducible to the limits of detection shown below. 
element ratio 
1: 	50 1: 50(acid) 1:200 1:200(acid) 
Si 1.8 <1 2.3 1.1 
Al <2 <2 <2 <2 
Fe <2 <2 <2 <2 
Mg 0.6 <0.5 <0.5 <0.5 
Ca 38.4 <0.5 38.8 1.03 
K <0.5 <0.5 <0.5 <0.5 
P <0.5 <0.5 	. <0.5 <0.5 
Mn <0.5 <0.5 <0.5 <0.5 
Ti <2 <2 <2 <2 
inorganic C 11.15 ---- 11.64 
organic C <0.5 ---- 0.5 
TABLE 4.9. Elemental analysis (%)of precipitated "natural" 
material. 	(acid) indicates pre-treatment with 5% acetic acid. 	10 
The results indicated that the deposits consisted almost entirely of 
calcium carbonate with up to 5% alum.inosilicate production. Acid 
treatment removed virtually all of the calcium and approximately half 
of the silicon present indicating that most of the clay minerals 
formed were . probably in a unstable and hydrated state. 
4.7.2. CLAY MINERAL FORMATION. 
Major elements normally considered to be associated with aluininosili-
cate production are Si, Al, Mg, Na, K, and Fe. Dissolved iron was 
not found in the loch water while any loss of sodium or potassium was 
very small and, in the case of sodium, which was present at such a 
high concentration, indeterminable. Si, Al, and Mg were lost to the 
sediment in the molal proportion 1:2.8:5, a ratio very deficient in 
silicon relative to most clay structures. The material formed may 
have been sedimented by aggregation or else by sorption onto iron 
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solids, calcite, or organic material. A hrpothesis concerning the 
stoichianetry of these clay minerals is proposed in Chapter 5.7.3. 
4.7.3. REMOVAL OF fl)N TO THE SEDIMENT. 
Iron is considered to have entered the loch almost entirely as red 
mud solids. The iron would exist as finely divided particulate 
hematite (Chapter 2.2.3), probably associated with clay minerals 28• 
Iron was more or less evenly distributed throughout the surface 
sediments of the loch indicating a very fine particle size. At 
station 39 a heavier component is also evident. There Is, huwt -vet, 
no sign of particulate iron being washed from the loch. Wetzel 2 
reported that phytoplankton accumulate iron to their needs. Sane 
information given indicates a level in plankton of 950 ug g 1 . On 
this basis such an accumulation would account for only 3% of the iron 
input to the loch. Tipping et a12 9  found that colloidal iron 
particles in Esthwaite Water in Cumbria consisted of 30-40% Fe and 
30% organic material, of which one third was humic matter. Tipping 
and Ohnstad30 concluded that surface properties were dominated by the 
huinic components and this fundamental alteration of the iron oxyhydr-
oxide surfaces has been noted by several workers concerned with trace 
metal sorption (e.g. Laxen 3'). Tipping and Ohnstad3° found that even 
at near-neutral pH, free-cation (e.g.Ca) concentrations well in 
excess of those found in the loch were necessary to induce rapid 
flocculation. Also Tipping32 found that adsorption of humic 
materials was greatly reduced at pH 8-10 relative to lower pH values. 
At the high pH of Kinghorn Loch, it was therefore unlikely that an 
unaided settlement would occur by this process. 
The humic input to the loch was greatly exceeded by the autochthonous 
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(produced within the loch) input due to the high level of organic 
Productivity. This material will not contain as high a carlxxylate 
or phenate ion concentration as humic material and therefore will 
have less ability to coat iron sal ids 32. Leppard33 has tentatively 
correlated deposition of solids with polysaccharide, formed from 
fresh organic material, under certain conditions. The range of 
attractive surfaces was not identified but he found that polyvalent 
cations caused coagulation of the aggregates to macroscopic size. 
Hover, Sholkovitz and Copland 34 in a study of suspended matter in 
Lake Windermere, concluded that iron distribution was not affected by 
biological cycles within the lake. It is probable that, in 
Windermere, the abundance of huniic materials will be sufficient to 
flocculate the limited supply of iron oxyhydroxide, and less effic-
ient processes involving autochthonous organic materials will not be 
seen. Thus it is possible that in Kinghorn Loch sedimenting phyto-
plariktonic debris could be responsible for sane aggregating of iron 
containing particles. 
The other major input to the sediment was calcium carbonate. During 
the growth of calcite solid solutions may be formed with various 
metals, and several papers describe the existence of ferrous-
calcites. The waters of Kinghorn Loch were predominantly oxic and 
there is little reason to believe that ferrous ions existed other 
than in the sediments or at the mud/water interface. Consequently 
sedimentation would involve only ferric oxyhydroxide. Clarke et a1 35 
and others, have recently studied the rapid precipitation of ferric 
ion on.calcite by an acid/base reaction such that 
2Fe3 + 3CaQJ3 + 3H20 fig Fe(OH)3 + 3Ca + 
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The rate of reaction was found to be related to the surface area of 
calcite. Thus during the formation of calcite in the loch the 
inclusion of iron oxyhydroxide into the structure may occur. 
The remaining process that is possibly significant in the sedimenta-
tion of iron in the loch is that of ion exchange and flocculation of 
authigenic clay minerals. However flocculation will not be kinetic-
ally favoured, as iron oxyhydroxide will carry a substantial negative 
charge at pH 10 (Hohi et a1 36 ). The inclusion of the ferric ion in 
the lattice is unlikely. Tardy and Carrel s 37 found that the produc-
tion of various ferric silicate and aluminosilicate minerals was 
thermodynamically slightly favoured relative to goethite or hematite 
but that such a reaction was unknown. 
4.7.4. SUPPLY AND DEPOSITION OF ORGANIC MATERIAL. 
4.7.4.1. SOURCES OF ORGANIC CARBON. 
Organic carbon is generally delivered to a lake in soluble form 
(Wet zel 2 '). Most studies have found that detrital organic carbon 
greatly exceeds autochthonous material 2 and that dissolved carbon 
input is some ten times greater than particulate input. Chapter 2.2 
concluded that the input of labile organic material via the leachate 
was negligible. The north inlet provided a maximum of 2.5 g m 2 yr 
of labile organic carbon [based. on a biochemical oxygen demand 
(B.O.D..) of 1 mg 1-1 01. This is probably an over-estimate as. the 
B.O.D. of this water has rarely been >1 mg 1 -1 and has only come 
close to 1 mg 1_1  at times when a polluted flow was seen to be 
issuing from the septic tank of the farm. It should be noted that 
the farm buildings were not used for agricultural purposes but as a 
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residential property. The septic tank effluent would consist of 
material almost fully represented by the measured B.O.D. 
Another source of B.O.D. could be leaf leachate from fungal coloniza- 
tion of leaf packs in the water as this is known to constitute a 
significant input of organic carbon and nitroen 38 . However in 
Kinghorn Loch, the north inlet travels underground from the reservoir 
and while above ground falls rapidly over stones and within shallow, 
grassy banks. Water cress occured over a 10 m length of the stream 
during summer and this will have produced some input, but other leaf 
autolysis inputs must be considered insignificant. 
Consideration of back records of the F.R.PJ3. indicates that the 
chemical oxygen demand (C.O.D.; see Chapter 9) of north inlet water 
was consistently <5 mg i_i 0. From experience with more huinic waters 
in the area it is possible to estimate that the C.O.D. of this 
sparkingly clear water would, in fact, be well below this figure. 
Thus it is considered that the refractory input via the north inlet 
would be low (10 g m 2 yr C for a C.O.D. of 4 mg 1' 0) but could 
represent a significant proportion of the refractory organic carbon 
found in the sediments. It is apparent that any percolate from the 
fields is also likely to contain a higher proportion of refractory 
humic material but groundwater inputs are generally found to be low 
in labile material 21 . 
Autochthonous material is supplied by photosynthesis, possibly from 
the littoral zone as well as from phytoplankton. Dissolved organic 
material is generated as extracellular excretions during growth 
phases and by autolysis during sedimentation 21 . Organic carbon 
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levels below phytoplankton activity is low under aerobic conditions, 
since the organic substances generated, including carbohydrates, 
proteinaceous compounds, and fatty acids are readily degraded by 
microorganisms and only polymeric aromatics (the end product of 
microbial degradation) and larger particles tend to be little 
degraded. This primary metabolism is supplemented by a vigorous 
secondary metabolism at the mud-water interface brought about by 
aerobic bacterial populations several orders of magnitude greater 
than in the water body. This secondary digestion is generally aided 
by faunal consumption. Dissolved organic material arrives at the 
interface by aggregation and co-precipitation with inorganic subst-
ances. Littoral flora provides more refractory, lignified tissue 
which is only slowly degraded. 
In Kinghorn Loch the supply of organic material fran littoral flora 
has steadily decreased. In 1978 substantial macrof bra 1 beds still 
occured in the bay in the north-east corner of the loch and to the 
north of the outlet. Shallow water flora also existed behind the 
line of dead trees at the north-west but this area was above the 
water line for much of the year (see Figure 4.3), being within 100-
200mm of maximum loch level. By 1981 macroflora had retreated to 
small patches which dried out in the summertime and no growth occured 
in the hays near Craigencalt Farm. By 1985 these areas had not been 
recolonised. Deeper water along the southern shore, which had 
evidently supported a good crop of Polygonum amphibium, contained 
considerable debris, all of which appeared mummified in a thick crust 
of mineral deposit. Thus it may be seen that during the 1970's 
refractory organic supply from littoral sources will have steadily 
decreased, ultimately to minor proportions. Conversely it is evident 
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that phytoplankton blooms became rampant at this time, generating 
much larger quantities (see Figure 4.10) of more readily degraded 
material. Considerable oxygen sags occured at times (see Figures 4.5 
and 4.6), a 1 lowing larger proportions of organic carbon to occasion-
ally reach the sediment. This irregular input will have been evenly 
redistributed by sediment turbation. Bioturbation and faunal 
consumption will have been negligible. 
It will be seen in Chapter 4.7.4.2 that phytoplanktonic activity is 
estimated to have provided over 300 g m 2 yr of total organic 
carbon production with some 90 g m 2 yr 1 of organic carbon (in toto) 
being boned. Thus for Kinghorn Loch it is apparent that the major 
input of organic carbon to the loch water (although possibly not of 
refractory material to the sediment) is supplied from photosynthesis. 
4.7.4.2. THE ROLE OF PHYIOPLANK'ION. 
Phytoplarikton populations in Kinghorn Loch consisted almost entirely 
of Osci 1 latoria, a filamentous cyanobacteria ("blue-green algae") 
with an absence of significant zooplankton or diatoms (see Chapter 
7). The production of "algal" protoplasm by photosynthesis and its 
subsequent heterotrophic respiration. may be summarised by the 
reaction8 : 
1 060)2 + 1 6NO +HPO + 122H 20 + 1 8I-i + trace elements + energy 
'=F [(CH20) 106 (NH3 ) 1 6(H3PO4•)] + 1802 
"algal" protoplasm 
Cyanobacteria typically contain 46-49% C, 8-11% N and 0.7-1.1% P 
(Reynolds 39 ). 
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The development and collapse of such blooms were very significant 
events and led to significant levels of C, N, S, and P in the 
sediment. Silica would not be lost by this process as cyanobacteria 
typically contain <0.1% Si dry weight. 
The three year mean for the levels of nitrogen and phosphorus in the 
loch indicate a loss of 4.8 mg 11 and 0.24 mg 1.1 respectively to 
the sediment or atmosphere. Initial assimilation of these elements 
will be to the phytoplankton. It should be noted that as well as 
soluble nitrate, cyanobacteria are able to fix dissolved nitrogen gas 
although this contribution is unlikely to have been significant 39. 
As the material is degraded on passage to the sediment it becomes 
enriched with carbon relative to nitrogen and phosphorus. Released 
phosphorus will be partly sorbed by precipitating calcium carbonate 
or iron oxyhydroxide (Chapter 4.7.5), but nitrogen and most of the 
carbon would be recirculated. If it is assumed that carbon and 
nitrogen were recirculated in stoichiometric proportion then the mean 
standing Oscillatoria crop would have attained a concentration of 76 
mg 11 (given the formula for protoplasm above), taken throughout the 
volume of the loch. The mean observed chlorophyll-a was 70 ug i, 
representing 0.09% of the "algal" mass. Individual results are set 
out in Figure 7.5, from which it wi 11 be evident that extremely wide 
confidence limits should be applied. Reynolds 39 reports a 
chlorophyll-a level of 0.84% for Oscillatoria agardhii although this 
is high relative to that found by Bailey-Watts 40 who, for Loch Leven, 
Kinross-shire, found 0.15-0.3% on a body weight basis. Bailey-
Watts41 also found that for a stressed, mixed population, especially 
following closely on the collapse of a dense bloom, that the percent-
age of chl orophyl 1-a in the seston (total suspended load of the lake) 
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could drop below 0.1 %. The seston of Loch Leven comprised mainly,  
phytoplanktonic material. Thus despite the need to make broad assum-
ptions in calculating biomass and the inadequate control over the 
determination of chlorophyll-a (see Chapter 9) a standing mass of 
something like 80 mg 1 (taken as if over the full volume) as a 
three year mean does not seem unreasonable. This represents approxi- 
mately 300 g rn 2 yr 	as CH20 to the sediment, if it is assumed that 
solids leaving 	the loch normally 	consisted entirely of 
phytoplariktonic remains. Refractory inorganic material made up 
approximately 12% of the exiting solids (Table A.5). The excess of 
production over recyling within the loch would appear to have been 
something like 500 g m 2 yr. This compares with a gross standing 
production figure for a temperate, eutrophic lake, as quoted by 
Wetzel 21 , of approximately 900 g m 2 yr. 
Using information provided by Wetzel and including other material 
generated within, and flowing to the loch, a gross estimate of 
sedimenting flux may be represented as in Figure 4.7(a). The 
measured concentrations in the top 30 m of core '14' are represented 
in 4.7(b) while Figure 4.7(c) represents these concentrations with 
carbonate formation normalised to the supply indicated in (a). This 
indicates that, after allowing for the undifferentiated 'red mud 
solids' contribution in (a), some 60% of the precipitating organic 
material could be decomposed completely prior to reaching the 
mud/water interface or soon afterwards. This level of loss is to be 
expected for an oxic lake21 ,34 and is evidenced by the dissolved 
oxygen profiles in Figures 4.5 and 4.6. Although these figures are 
based on a literature estimate, it is unlikely that a lake, so 
obviously suffering from substantial and long-lasting blooms, would 
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FIGURE 4.7. Supply and loss of material to the sediment. 
have an organic carbon precipitation rate any lower than this mean 
estimate. The 'excess' production figure calculated above would 
therefore appear realistic. 
Nitrogen input to the loch represented 7.1 mg 1 N whereas the level 
in the loch body was 2.3 mg 1 -1 N. The difference represents 31.6 g 
M-2 yr net loss to the sediment or 2.2% of sediment mass. This 
compares with measured values of 1.01-0.57% found in the upper part 
of core 14, and the significant difference must represent the level 
of denitrification occuring in the sediment and which will be 
considered in Chapter 5.7.4. 
Phosphorus input to the loch stood at 0.37 mg l for a three year 
mean, while the loch water contained 0.13 mg 1-1. The difference of 
0.24 mg 11 represents material lost to the sediment by mineral 
sorption and by inclusion in the sedimenting. organic fraction. This 
represents 0.11% of the sediment which is not significantly different 
to the 0.2% P found in the recent sediment of core 14. The mechanism 
of co-precipitation will be considered in Chapter 4.7.5. 
4.7.5. SEDIMENTATION CONTROL OF PHOSPHORUS. 
Three significant routes exist for the removal of inorganic 
phosphorus fran solution 21 : 
as apatite (usually co-precipitated with calcite) 
covalently bonded to hydrated iron oxides 
as organic phosphorus 
clay mineral adsorption (only significant at low pH) 
Apatite [Ca 10 (PO 4 )6(OH)2] and stengite (FePO4.2H20) tend to form 
under different environments.. Whereas apatite is the usual sink in 
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marine environments iron phosphate tends to be more common in fresh-
water systems 8. In areas such as eutrophic lakes substituted 
apatites such as francolite 1Ca 10(P041 CJ03)F2 : where n<=6 for charge 
balance] may form but the main sink in many lakes normally consists 
of chetuisorption onto hydrous iron oxides. 
Apatite is increasingly stable relative to calcite as the pH 
increases and is further stabilised by the formation of mixed phases 
and of substituted apatites 8 . The formation of apatite is very 
slow 42 and inhibited by magnesium. Thus co-precipitation with 
growing calcite is more likely, particularly in a system like 
Kinghorn Loch with fine growth occuring apparently throughout the 
loch, with apatite forming a minor part of the structure. Murphy et 
a1 43  found that, in the absence of calcite formation, little removal 
of soluble orthophosphate occured in eutrophic, calcitic lakes in 
British Columbia, while calcite formation completely removed ortho-
phosphate. The removal of phosphorus was not correlated with primary 
production or biomass. Other workers such as Koschel et a1 44  and 
Avnimelech 45 have arrived at similar conclusions, involving the 
formation of surface complexes such as Ca3(HOJ3)3PO4. 
However, such a mechanism probably depends on an absence of iron 
oxyhydroxide deposition. Wetzel 21 reported a lack of correlation 
between calcite and phosphorus in the sediment of a range of lakes 
and reported more complete removal in low calcium lakes with more 
substantial Fe(III) levels. Kinghorn Loch provides a sestonic supply 
of both fine grained calcite and hydrated iron oxides, so both proce-
sses are likely to occur. On balance however, since phosphorus is 
known to form very strong bonds with iron, it would appear that 
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chernisorption onto hematite is probably favoured for the removal of 
inorganic phosphorus. 
The deposition rate for phytoplanktonic debris of approximately 300 g 
m 2 yiH may have been sufficient to account for most of the loss of 
phosphorus to the sediment. As organic material is degraded the CP 
ratio increases greatly. No estimate is available as to the degree 
of degradation occuring prior to reaching the mud/water interface in 
Kinghorn Loch so no estimate of the phosphorus deposition by this 
means can be provided. 
4.7.6. SORPTION OF ARSENIC. 
Arsenic occured in the loch to the extent of 320 ug 1 (three-year 
mean). It entered as soluble species, although that measured within 
the loch body may not have been. However, on occasions, both dis-
solved and total arsenic were determined arid no significant 
difference Was found.. A nationwide survey18 found that Kinghorn Loch 
contained the highest level of dissolved arsenic in the U.K., 
although several rivers in south-west England contained higher levels 
of total arsenic. During this survey a figure of 500 ug 1' was 
recorded for both dissolved and total arsenic, with a general level 
countrywide of <5 ug il.  The report proposed, an Environmental 
Quality Standard (EQS) of 50 ug i for the protection of freshwater 
fish. In April 1985 a survey of the loch was carried out in order to 
determine its suitability for stocking with rainbow trout. Despite 
the evident recovery of the loch the water body at the outlet poss-
essed a dissolved arsenic level only just within the EX?S. It 'has 
been strongly argued by Faust et a1 46  that sediment levels of arsenic 
provide the major transport and distribution control even under 
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conditions of high aqueous arsenic loadings, and 	 S. t9 
certainly indicates this to be so, with arsenic levels in the inter-
stitial water of the upper 30 mm of the sediment being at least 100 
times greater than the north inlet water supply. It is also evident 
that levels deeper in the core are adequate to maintain this supply 
for sane considerable time. 
Table 4.10 indicates the species of arsenic commonly found in water. 
species abb'n oxidation phase 
state 
HAsO arsenate +5 aqueous 
HAsOo arsenite +3 aqueous 
CH3AsO(OH) 2 rronanethylarsonic acid MMAA +3 aqueous 
(CH3)20H dimethylarsinic acid 	DMAA +1 aqueous 
AsH3 arsine -3 gaseous 
(CH3 ) 2 H dimethylarsine -3. gaseous 
(CH3 ) 3As trimethylàrsine -3 gaseous 
TABLE 4.10. Species of arsenic commonly found in water 
Phytoplankton are known to accumulate arsenic to several thousand 
times concentration but fish and invertebrates apparently do 
not18 ' 47 . Fish are known to ingest trimethylarsine, generated by 
phytoplankton, directly but the arsenic is rapidly released (95% 
within a few days) 47. During 1985, phytoplankton levels were very 
low and zooplankton were found to contain arsenic at 0.55 ug g -1 wet 
weight (8.5 ug g 1 dry weight), while chironomids (primarily 
Chironomus plumosus) contained 2.5 ug g -1 wet weight (dry weight 
concentration not available). These figures compared with reported 
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values of 21-38 and 4.4-53 pg  g- 1  dry weight for zooplankton and 
chironomidae respectively in "clean" water 18 . Thus it is evident 
that arsenic was not being concentrated into these invertebrates. 
Arsenic would be expected to occur as the arsenate ion (HAsO) at pH 
8-10 under oxic conditions. Using data for the reaction 
HAsO + 4H ~ 2e HAsO + 2H20 
given by I.emrto et a1 48 HAsOo would became dcininant at Eh -31 mV for 
pH 8 and -260 mV for pH 10 at 12 0C. However the As(V) = As(III) 
transformation is very slow and different reactions are brought about 
by micro-organisms. Faust et a1 46 found that for an oxic lake, Union 
Lake in New Jersey, receiving arsenic loads of approximately 2.8 mg 
1-1 . (96% of which was dissolved) rronaiethylarsonic acid was dartinant 
with an order of prevalence of MMAA> As(III)> As(V)> DMAA. Only 
about 60-80% of the total arsenic present was accounted for by these 
species. These authors interpreted these results by considering that 
most of the arsenic supply had been assimilated by micro-organisms 
where the reaction 
As5+  ---> As3 —4'MMAA ---> DMAA — As(H,CH3)3 
is known to occur under increasingly reductive microenvironnents 42. 
It has been found that ç*iytoplankton readily reduce arsenic to tn-
methylarsine 47 which may then be lost to the atmosphere. On release 
of these lower oxidation state species from the organisms non-
catalysed oxidation is very slow 48 so MMAA and arsenite tend to 
persist. The transformation may however be catalysed biotically and 
also by Mn4 according to the reaction48 
Mn02 + HAs02 + 2H 	2+ + H3As04 
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Fe 3 may perform a similar catalytic function but the reaction is 
considerably slower. Arsenate and arsenite are generally considered 
to be of more or less equal toxicity to fish and mammals, while 
invertebrates are considerably iire tolerant1 8  organic species are 
generally less toxic and when combined into lxxly tissue have very low 
toxicity47 . 
The determination of the speciation of arsenic is an involved and 
time-consuming procedure and could not be attempted within the time-
table for the study. The speciation is however important for the 
determination of mechanisms for removal of the metal to the sediment, 
As5 being more readily removed than other species. Arsenic competes 
with phosphorus during deposition and is strongly sorbed onto hydrous 
iron oxides. However phosphorus is more effectively scavenged 50 . 
This process is considered to be by covalent bonding of the sort 
-Fe--O-AsO(OH) 2 rather than adsorption 51 and is of decreasing 
effectiveness as the pH increases48 due to the increasing negative 
charge on the iron oxyhydroxide surface. 
Arsenic is effectively adsorbed by clay surfaces and may form direct 
bonds through -SH and groups on organic matter51 . Sorption of 
arsenic is greatly enhanced by finer particle size of absorbants. 
Under the high pH conditions found in Kinghorn Loch 5+ may also be 
directly precipitated as FeAs04 or Pb3(As04)2 whose solubility 
products may be exceeded48. However the rate of formation of these 
species is known to be extremely slow-52. Thus, the most likely route 
for its removal must be by way of debris of the phytoplankton in 
which it may have become greatly concentrated 48118 . Loss is also 
likely to occur to the atmosphere, as methylated arsines. 
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Lueschow 53 investigated the effect of the long-term (1926-1964) 
application of sodium arsenite (for weed control) on public lakes in 
Pewaukee, Wisconsin. He found levels which reached 460 ug 1 -1 and 
which were consistently above 100 ug 1_1. Fisheries were not 
apparently affected by the treatment. A specimen of Cladocera sp 
contained 1258 mg kg As dry weight, but invertebrates did not 
concentrate arsenic. Surficial lake muds developed a mean level of 
200 mg kg-1 with invertebrates able to tolerate up to 1920 mg kg -1 in 
the mud. The accumulation of arsenic in muds and water column ties 
in wel 1 with that found in Kinghorn Loch (Chapter 5.7.6.) Iñverte-
brate populations were of similar species to those found in Kinghorn 
Loch and will be considered in Chapter 7. 
4.7.7. FATE OF VANADIUM. 
Vanadium was present in the loch to a mean concentration of 494 ug 1 -1  
at the outlet. Data for the level of vanadium commonly found in 
natural frëshwaters in the U.K., Europe and North America are very 
sparse but according to Orvini et a1 54 , 0.1-1.5 ug 1 -1 are typical 
values for lakes. 2 ug 1  indicates pollution with levels up to 50 
ug 1  being exceptional and occuring in only a few special circum-
stances. Thus the vanadium levels found in the loch were quite 
exceptional. These reported levels are for total vanadium, occuring 
in dissolved and suspended form, and originating from detrital 
minerals and. atmospheric inputs. Data on dissolved levels found in 
waters are extremely limited. No Environmental Quality Standard 
(ES) is currently available but is under consideration. Indications 
are that a level of 100 ug i' would be adequate to protect a fishery 
in a water of moderate hardness such as found in the recovered state 
of Kinghorn Loch. 
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Laboratory studies and thermodynamic considerations indicate that V 5 
is stable under full oxygen saturation while V 4+ should be preferred 
under reducing conditions. Orvini et a1 54 , in considering the 
species present in natural waters was unable to draw a definitive 
conclusion, but did conclude that vanadium existed as inorganic 
nonoions and not to any extent as organic complexes or polylons. 
Kinghorn Loch contained approximately 1 o M vanadium and this is 
thought to be the threshold for the formation of polyanions of V 5 . 
It would probably occur in the loch primarily as vanadate, V0 3 (OH) 2 , 
but polyanions of V4+ would also occur. 
Two studies (Tong et a1 55, Tong et a1 56) suggest that vanadium is not 
bibaccumulated by fish, with levels generally found to be <1 mg kg 1 
with a maximum of 2.9 mg kg. No data is available for bioaccumula-
tion or toxicity to invertebrates. Marine phytoplankton appear to 
bioaccumulate vanadium to a moderate extent 57 . Vanadium is phyto-
toxic to ctops at 10 mg kg-1 in sandy soils but since it is strongly 
sorbed by huinic material 58 in soils and is known to sorb onto huini.c 
particles in water 54 such toxicity is likely to be greatly reduced in 
organic muds. I have been unable to locate any information 
concerning sorption by hydrous iron oxide, clays or calcite. 
However, the apparent dependence of toxicity on hardness, would 
suggest that an interaction with calcite can occur. 
The input to the loch from the leachate represented approximately 600 
ug i in the water. Thus the indicated loss to the sediment was 
0.73 g m 2 yr or 490 mg kg-1 in the sediment. This loss is 
evidenced by the elevated levels of vanadium found in the muds and 
deposition will have occured by sorption onto phytoplankton debris or 
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assimilation by the growing bloom. Deposition by the. inorganic 
suspended components is also probable. 
4.8. SUMMARY OF PROCESSES CONTROLLING AQUATIC CHEMISTRY. 
Figure 4.8 summarises in graphical form the inter-relationship 
between the processes described in Chapter 4.7 resulting in various 
depositions to the sediment. Estimates are given for a three year 
(1981-1983) period with concentrations in mg i-i (of the primary 
element e.g. Pot as P) for determiriards taking part in any part-
icular reaction, and in square parentheses, [ ], for loadings in g 
yr* The reliability of these data is very variable and will have. 
been considered in the appropriate section. Note that although a 
certain amount of calcite is shown as biotically derived, it may well 
be the product of abiotic reaction involving biotically generated 
carbonate ion. Arrows indicate the net direction of reaction and 
many of these reactions will be finitely reversible. Recirculation 
of anaerobically generated products from the sediment is shown with 
dashed lines. Transformations occuring within the, sediment and at 
the mud/water interface are considered in Chapter 5. 
Collation of data from Chapter 4 allows an estimate of sedimentation 
to and within the loch to be compiled. Thus significant annual 
inputs to the loch may be summarised as follows: 
Detrital: 	5000 kg of suspended solids in north inlet water 
8500 kg of aluminosilicate ex.. red mud solids 
6200 kg as Fe203 ex. red mud solids 
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Authigenic: 7000 kg suspended solids in leachate (80-85% as CaCJ3) 
70000 . kg carbonate mineral (as Ca0D3) formed in loch 
40000 kg alurninosilicate mineral formed in loch 
Organic: 	26000 kg debris from phytoplankton production 
1500 kg humic material derived from inlets 
This represents approximately 1.5 kg m 2 yr net deposition to the 
sediment. 
4.9. PREDICIED LOSSES TO THE SEDIMENT 1950-1983. 
No information is available to assist in quantifying the input to 
sediment prior to 1981,   except for long-term pH measurement, which 
unfortunately is rather sparse, and the observation that severe 
blooms began to appear in the loch "in the 1970's". The water 
chemistry of 1950 can be predicted from that of the 1985 post-
recovery situation. It is probable that significant ingress of 
leachate began in the late-1950's with a considerable rise in pH in 
the early 1960's. The situation stabilised somewhat until 1978 when 
further deterioration occured. This was probably as much due to 
exhaustion of the native water's buffering capacity as to the 
increase in leachate supply. Figure 4.9 illustrates the probable 
trend in major element input to the loch water body. 
Figure 4.10 illustrates the quantity and type of material being 
formed within the water column of the loch. It is likely that both 
carbonate and authigenic clay mineral formation will have levelled 
out somewhat by about 1980 with the exhaustion of available calcium, 
magnesium and.silicon supply from native waters. However, this 
levelling off of deposition will be less pronounced for clay mineral 
formation due to the variety of minerals that may form. The organic 
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FIGURE 4.8. Depositional pathways for major elements. 
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material being generated in the loch was produced erratically and no 
meaningful mean figure for supply could be obtained. Taking informa-
tion from Wetzel 21 for temporate lakes, the oligotrophic phase is 
likely to have received some 250 g m 2 yr of organic material [as 
(CH20) n I while the eutrophic phase, developed since the .mid-1 970's 
will have generated approximately 900 g m 2 yr of material of which 
sane 40% will have been incorporated into the sediment (see Chapter 
4.7.4). 
In addition to these major contributions, two atmospheric inputs are 
significant. Lead is found at a level of approximately 50 mg kg-1 in 
the sediments (Table D.1.) and, as considered in Chapter 2.2.1, must 
be of predominantly atmospheric origin. Zinc is an element that will 
be considered further in Chapter 5. Aqueous inputs to the loch 
(including suspended matter) contribute 1250 g yr 1 to the sediments 
which represents approximately 10 mg kg in recent times. Atmos-
pheric inputs for 1974 -59 fell within the range 40-260 mg m 2 yr. 
Atmospheric levels were found to be generally quite stable from 1950 
to 1974. A mean 100 mg m 2 yiH deposition would represent a level 
of 82 mg kg -1 going to the sediment. The level in the sediments of 
core 14 was found to be approximately 80 mg kg -1 (Table D.1). 
Pei rson et a1 60  considered power generation stations as being major 
sources of atmbspheric zinc. Large electrical generation plants 
occur to the south and west of Kinghorn and will provide a moderate 
contribution to these figures. It is not known what contribution red 
mud solids may have made since unfortunately trace metal data for red 
mud, analysed by an XRF technique, was lost on attempted retrieval, 
so this information is not available. 
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4.10. EXPERIMENTAL CHEMICAL PRECIPITATION STUDIES. 
4.10.1. KINETICS OF PRECIPITATION. 
The following section was set out to examine the rate of production 
of chemical precipitates in a simulated loch water situation in order 
to determine the order of reaction with respect to the major mineral 
forming elements. In order to cover the developing situation a rare 
of flow ratios was used, and the experiments carried out at two 
temperatures in a carbon dioxide free atmosphere, to simulate a 
closed system. 
APPARATUS. 
For each dilution: 
Polythene bottle (1 1) with unpigmented polypropylene, air-tight 
screw cap with holes for the tight fitting of two pieces of 1.3 mm 
(i.d.) P.V.C. tubing. 
P.V.C. tubing, connected to cylinder of compressed air supply via 
0.45 um sealed unit in-line membrane filter.  Flow controlled by 
adjustable clip. 
P.V.C. tubing exiting the bottle and passing into distilled water in 
a 500 an3 flask fitted with paraffin film cover. 
Incubator set at 80C 
Incubator set at 250C 
METHODOLOGY. 
Two bottles of 1 1 of filtered leachate (sampled at exit to settle-
ment pond) were equilibrated to 8 0C and 250C respectively. Three 
sample bottles, each containing 1 1 filtered inlet water, were fitted 
with tubes as above and equilibrated to each of the required tempera-
tures. A bottle was removed and the water stirred by means of a 
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magnetic stirrer so as to allow efficient mixing without gas entrain-
ment. The required amount of leachate was added over a period of ten 
seconds. 100 an3  of solution was removed (and immediately filtered 
for suspended sol ids determination as described in Chapter 9) and the 
pH measured, at 30 s, 1. min and 5 min and the bottle returned to the 
incubator. 50 cm 3  of the filtrate from the suspended solids determi-
nation was placed in a 60 cm3  polythene bottle and acidified with 0.5 
CM hydrochloric acid fOr metals and reactive silica analysis. 
Analyses were performed as described in Chapter 9. The procedure was 
repeated with the remaining five bottles. Each bottle was removed at 
time intervals of 15 mm, 30 mm, 1 hr, 3 hr, 20 hr, 90 hr, 180 hr 
and 500 hr and thoroughly shaken prior to sub-sampling and pH 
measurement. The reaction bottle was immediately returned to the 
incubator. The air above the solution in all the bottles was gassed 
at a rate of approximately 10 bubbles each minute for the whole of 
the experiment, and the incubator temperatures checked regularly. 
Control remained within ±0.50C with 90% of results within 0.20C. 
After 200 hours the bottles were temporarily placed in thermostated 
water baths to allow defrosting of the incubators. Suspended solids 
was determined as a guide only, since encrustation of the bottles 
with solids would remove solids from suspension. 
EVALUATION OF KINETICS. 
Table 4.11 tabulates the results obtained from these experiments. 
Kinetics were investigated by means of a linear fit to equations for 
order such that the rate constant (k) is calculated thus, for: 
1st order time vs. 1og10(conc) gives a slope of -k 
2nd order time vs. 1/(conc) 	gives a slope of k 
3rd order time vs. 1/(conc) 2 	gives a slope of 2k mM 2s 
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To allow calculation of part order reactions the following procedure 
was described in Moore and Pearson61 attrjbuted to R.W.Wilkinson. 
(1) Ratio of 1:5 leachate: inlet 
time 	:30s 1min 5min 15min 3.0min 1 hr 3hr 20hr 90hr 1 8Ohr 500hr 
determinand: 
pH 	10.8 10.8 10.6 10.5 10.5 10.4 10.3 9.9 9.4 8.7 8.7 
susp.solids 8 9 32 68 141 169 175 188 190 202 202 
aluminium 	15.9 15.8 12.2 10.8 9.4 8.5 8.3 7.2 6.3 5.0 1.9 
calcium 7,1 7.6 7.8 8.5 1.7 0.5 0.1 <0.1 01 <0.1 0.2 
silicon 	5.2 5.4 4.3 4.0 3.6 3.5 3.1 2.1 1.0 0.6 0.5 
magnesium .12.2 12.5 7.9 4.3 2.5 1.5 0.8 0.6 0.7 1.1 1.5 
(2) Ratio of 1:10 leachate:iniet 
time. 	:30s 1min 5min 15min 30min 1 hr -3hr 20hr 90hr 1 8Ohr 500hr 
determinand: 
pH 	10.2 10.2 10.2 10.1 10.1 10.1 9.9 9.5 8.5 8.5 8.6 
susp.solids 3 2 3 4 3 2 43 38 40 46 52 
aluminium 	9.8 10.7 10.0 9.7 8.7 8.2 -.- 8.2 5.9 2.8 1.4 
calcium 12.6 12.2 12.9 12.9 12.9 12.1 2.5 1.1 1.8 3.1 4 
silicon 	5.1 5.0 5.2 5.2 5.0 5.0 5.0 4.5 2.8 1.4 0.7 
magnesium 16.4 16.4 16.7 16.7 16.4 16.3 14.0 12.1 12.9 13.0 12.7 
(3) Ratio of 1:50 leachate:inlet 
time 	:30s 1min 5min 15min 30min 1 hr 3hr 20hr 90hr 1 8Ohr 500hr 
deterrninand: 
pH - 	9.3 9.3 9.4 9.3 9.3 9.2 9.2 8.3 8.3 8.4 8.3 
susp.solidsl <1 2 2 2 3 4 4 8 12 24 
aluminium 	2.2 2.2 2.3 2.1 2.0 2.0 2.0 1.7 0.7 0.5 0.2 
calcium 21.2 20.9 21.2 21.3 21.3 21.4 20.7 19.3 17.2 16.0 13.0 
silicon 	4.8 4.7 4.8 4.7 4.7 4.8 4.7 4.1 3.1 2.8 2.7 
magnesium 17.8 17.8 17.9 17.8 17.9 18.5 18.4 - 17.9 17.7 17.4 17.1 
All results are in mg 1* 
TABLE 4.11(a). 	Results of kinetics experiment for samples incubated 
at 8 °C. 
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1.8 2.0 1.8 
21.0 21.6 20.9 
4.7 4.9 4.8 
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12 	30 27 
1.9 1.5 	1.5 
7.8 7.9 5.8 
4.7 4.5 	4.9 













Ratio of 1:5 leachate:inlet 
time :30s 
determinand: 
pH 	10.4 10.4 10.4 10.4 
susp.solids 52 	58 	81 	161 
aluminium 	11.8 10.4 9.9 9.4 
calcium 8.6 8.6 8.4 0.7 
silicon 	4.9 4.7 4.5 4.4 
magnesium 4.8 3.1 1.6 0.5 
pptassiurn 	4.0 3.8 4.0 4.0 
Ratio of 1:10 leachate:inlet 
10.3 10.3 10.1 9.9 9.2 8.8 
176 175 182 196 1.96 210 
9.5 9.9 9.9 8.6 7.8 5.7 
0.2 <0.1 <0.1 <0.1 <0.1 <0.1 
4.2 4.1 3.9 3.3 2.0 1.3 
0.3 0.2 0.2 0.2 0.3 0.4 








1min 5min 15min 30min lhr 3hr 20hr 90hr 180hr 500hr 
time :30s 
determinand: 




aluminium 8.7 8.6 
calcium 	. 12.5 13.1 
silicon 5.1 5.1 

























1min 5min 15min 30min 1 hr 3hr 20hr 90hr 1 8Ohr SOOhr 









C. STARTER (DNCENTIRATIONS 
ratio : leachate 1:5 1:10 1:50 inlet 
determinand: 
pH(*) 12.0 10.8 10.2 9.3 8.1 
alkalinity 3950 120 	as CacD3 
aluminiuM 115 19.3 .10.5 2.4 0.1 
calcium 0.2 19.8 21.6 23.2 23.7 
silicon 9.2 11.8 11.1 10.4 4.8 
magnesium. 0.1 15.9 17.3 18.6 19.0 
potassium 20.2 3.7 0.4 
All results are in mg 11. 
(*) initial pH of mixtures calculated by speciation model. 
TABLE 4.11(b). Results of kinetics experiment for samples incubated 
at 25°C. 
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Integration of -dc/dt=kc' 1 (where n = order, c = concentration, and 
t = time), provides 
[1/(n-1 )1(1/cn_1  i/c 	)=kt 
If the relative concentration (a) = c/c 0 and time parameter 
(T) = kcg t then the equation rearranges to 
a''-1 = (n-i )T 
If the fraction reacted (p) = i-a and K=kcg then 
0_P) 1 _n + C)1Kt 
which on expansion and disregarding terms >2nd order leads to the 
approximation 
t/p = nt/2 + 1/K 
so that a plot of t/p against t gives a linear relationship with a 
slope of n/2. Above p = 0.4 the calculation becomes progressively 
more approximate, but calculation to half an order is assured at all 
values of p. The rate constant (k) may be calculated from the 1/K 
intercept. A computer program "PWrDATA" was written which operated 
on the data to fit 1 st, 2nd, or 3rd order according to the standard 
equations, and also calculated the order according to Wilkinson, by 
the relationship above. A least squares fit was achieved using the 
procedures of Lee and Lee 62 such that 
slope (m) =.XY1/X 
intercept (c) 
for n pairs of data (x,y1) where X1=x1-5c and 
and Pearson's correlation coefficient (r) = 
DISCUSSION. 
Figure 4.11 shows the -comparison between integral order correlation 
and that after Wilkinson. It will be noted that, within the accuracy 
reported (i.e. 0.5 order), the fit after Wilkinson is excellent. 
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FIGURE 4.11. Kinetics for the loss of aluminium from solution: 
1+5 mix of leachate to inlet at 8°C 
Other plots for the fitting of his equation to each determinand over 
the restricted ranges 0-3 hr and 3-500 hr are summarised in Table 
4.12. This arbitrary division appears to be generally appropriate 
from an examination of the testing at a variety of time ranges. 
time 	: 0-3 hr 3-500 hr 
ratio : 1:5 1:10 1:5 	1:10 
determinand: 
aluminium 3.5 (1) 8.7 (.98) 1.9 	(.92) 	1.6 	(.95) 
calcium 2.0 (1) 2.2 (.94) 
silicon 2.7 (1) 3.6 (1) 2.3 	(1) 	1.8 	(.99) 
magnesium 2.1 (1) 8.6 (1) 
TABLE 4.12(a) Order of reaction for the precipitation of elements at 
80C. Correlation coefficients in parentheses. 
time 	: 0-3 hr 
ratio : 1:5 
determinand: 
aluminium 4.1 (1) 
calcium 2.0 (•:) 
silicon 3.0 (1) 
magnesium 2.0 (1) 
3-500 hr 
1:10 	1:5 	1:10 
2.9 (1) 	1.8 (.91) 	4.5 (1) 
2.0 (1) 
2.6 (1) 	2.5 (1) 	5.3 (1) 
2.7 (1) 
TABLE 4.12(b) Order of reaction for the precipitation of elements at 
25°C. Correlation coefficients in parentheses. 
The order indicated for each element for a 1:5 mixture of leachate to 
inlet waters is good for bath temperatures -and over the two time 
ranges indicated. However a more uncertain picture is indicated at a 
ratio of 1:10. At 1:50, because of the small proportion of solids 
formed relative to elemental concentrations in solution, gave no 
meaningful data. At a ratio of 1:10 the orders exhibited by the clay 
mineral-forming elements were different in each reaction vessel. 
Part of the variability will have been due to the relative inaccuracy 
of aqueous determinations at low precipitation quantities but the 
problem of nucleation, rather than co-precipitation with calcite, 
will have also been a factor. 
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The rate of calcite formation would be expected to be first order 
with respect to calcium in an environment of abundant nucleation 
sites and where carbonate formed the dominant inorganic carbon 
species, as would be found in Kinghorn Loch. This was found to be 
the case by Kazmlerczak et a1 23 (see Chapter 4.7.1). However the 
present study indicated second order compliance at 80C and 250C for a 
1:5 and 1:10 ratio over each time interval within the experiment. 
These findings are compatible with those reported by Plummer et a1 24 
for lower carbonate concentrations at near-neutral pH (see Chapter 
4.7.1). Reddy63 ' 64 considered this behaviour (at near-neutral pH) to 
be due to interfering ions, primarily phosphate, causing surface 
growth rates to become rate determining and thereby proportional to 
calcite surface area. Although such interferences, including coating 
by the formation of clay minerals and by possible inclusion of 
phosphate, iron and magnesium, are to be expected, the presence of 
considerable supersaturation with respect of calcite and of abundant 
calcite surfaces might be expected to limit this effect. 
Figure 4.12 plots the elemental ratios of aluminium, silica and 
magnesium relative to calcium in the precipitate, at all time 
intervals. The composition of the precipitate was, in this instance, 
calculated from the aqueous concentrations. It will be observed that 
there is no indication of fixed elemental ratio co-precipitation with 
—calcite. Figure 4.13 provides a similar treatment for aluminium and 
magnesium relative to silicon and, while no fixed elemental ratio is 
indicated, both aluminium and magnesium are significantly enriched 
relative to silicon at longer time intervals suggesting the presence 
of mixed layer clay structures (discussed further in Chapter 5.7.3). 
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FIGURE 4.12. Mass ratio of elements relative to calcium. 
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FIGURE 4.13. Mass ratio of elements relative to Silicon 
The situation was thus perceived as being complex and, in an attempt 
to clarify the role of co-precipitation with calcite, further 
experiments were devised using a thin- fi lm XRF technique to look at 
the formation of deposits with and without the presence of calcite 
formation. 
4.10.2. COMPOSITION OF PRECIPITATE. 
It was considered in Chapter 4.1 0.1 that calcite formation may play 
an important, though undefined, part in the precipitation of the 
other elements. In order to attempt to determine the dependence on 
calcite formation four sets of - samples were prepared. These samples 
were based on a 1:25 ratio of "combined leachate" (Table 4.7) to 
north inlet water (equivalent to a 1:7.7 ratio of leachate to 
Kinghorn Loch:inlet water). One set consisted of these filtered 
waters in the correct ratio, labelled 'N', while another contained 
the same chemical proportions except that it was prepared from the 
individual inorganic chemicals and was labelled 'S. A third set was 
depleted in calcium to reduce the calcium level below that needed for 
calcite formation as indicated by the model with a corresponding 
reduction in carbonate, labelled 'C'. A final set was additionally 
depleted in magnesium and carbonate to a level avoiding possible 
deposition of calcite or dolomite and this was labelled V. The 
composition of each solution was processed through the speciation 
model to determine the starter pH that the mixture should be given. 
Table 4.13 sets out the starter analysis found for each sample type. 
Samples were prepared by the slow mixing of up to four dosing 
solutions using a peristaltic pump. Samples were held in 250 ad 
polypropylene bottles with unpigmented polypropylene tops. Samples 
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type 'N' 	& 	'S' 'C' 'D' 
deterrniriand: 
calcium 1.056 0.001197 0.001197 
magnesium 0.7324 0.7324 0.001039 
sodium 7.503 7.503 7.503 
potassium 0.006767 0.006767 0.006767 
chloride 0.971 0.971 0.971 
sulphate 0.7499 0.7499 0.7499 
aluminium 0.204 0.204 0.204 
nitrate 0.8003 0.8003 0.8003 
silicon 0.2576 0.2576 0.2576 
boron 0.00752 0.00752 0.00752 
ammonium 0.01922 0.01922 0.01922 
carbonate(*) 2.813 1.591 1.208 
bicarbonate(*) 1.627 1.407 1.271 
hydroxide(*) 0.8967 0.8613 0.8523 
pH(*) 10.46 10.25 10.2 
TABLE 4.13. Starter analysis for each sample. type (in mm) 
(*) was determined by speciation model. 
were held at 200C and subjected to vigorous mechanical shaking for 
ten minutes each day. Three replicates of each sample type and 
incubation time were prepared and removed from incubation after 1, 2, 
25, and 80 days respectively. On removal the samples were vigorously 
shaken for 30 minutes and placed in an ultrasonic bath for one hour. 
Three aliquots of 10 cm3 of each sample (or 1 x200 ai 3 for 'D' type) 
were filtered through moistened polycarbonate membranes (see Chapter 
9 for procedure) being very careful to work as cleanly as possible 
avoiding dust particles and using filtered rinse water. Two lots of 
200 cm3 of the remaining replicate samples (or 1x250 cm  for type 
'D') were used to determine the suspended solids content'. The 
membranes bore 50-100 ug for types 'N' and 'S' and up to 50 ug for 
types 'C' and V. 	These were used for the determination of major 
elements by the thin-film XRF technique, and Table 4.14 presents the 
results obtained, quoted as a ratio relative to silicon. 
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Incubated for 1 and 2 days before analysis. 
type 	: 'N' P S' 'C' 'D' 
deterrninand: 
susp.solids 254-271 123-225 13.4 1-2 
aluminium 1.1-1.3 0.65-1.3 1.1-1.1 0.43-0.53 
magnesium 2.7-3.2 0.061-2.5 2.1-2.3 0.04-0.085 
calcium 2.9_3.7* 0.43-2 0.023-0.057 0.19-0.57 
sodium <0.01-0.046 <0.01-0.11 0.027-0.044. 0.16-0.32 
ixtassium <0.01-0.032 0.014-0.046 0.006-0.021 0.045-0.082 
* excluding one outlier of <0.01 
Incubated for 25 and 80 days before analysis. 
type 	: 'N' 'S' 'C' 'D' 
determiriand: 
susp.solidsf/ 121-146 113-145 61-63 0.4-2 
aluminium 0.88-1 0.85-1.2 0.88_1* 0.49-0.71 
magnesium 1.6-2.4 1.9-2.5 2.1_2.7** 0.06-0.18 
calcium 1.6-2.4 0.24-1.2 0.017-0.13 0.29-0.73 
sodium <0.01-0.045 <0.01-0.052 <0.01 0.16-0.23 
potassium <0.01-0.031 <0.01-0.055 <0.01-0.07 0.046-0.087 
* excluding one outlier of 0.54 	** excluding same .outlier of 0.69 
II loss of material to sides of vessel 
TABLE 4.14. Results obtained for the analysis of synthetic samples 
of loch water. All results as a mass ratio relative to silicon. 
It would appear from these results that the formation of clay 
minerals is independant of the deposition of calcite and that calcium 
does not form a substantial component of the clay minerals formed. 
The nDlal ratio of magnesium: aluminium:silicon was found to be within 
the range 1.03-1.52:1.9-2.6:1 for 80% of results at all time 
intervals for natural ('N'), synthetic ('S') and calcium depleted 
synthetic ('C') samples. The formation of a higher silicon deposit 
was indicated for some synthetic samples for a 1 day incubation. 
Calcite deposition in the synthetic ('S') samples was slower and less 
complete than in the natural situation. The reason for this is 
unknown, since humic material, the only component known to be absent 
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in the 'S' set does not appear to be precipitated in laboratory 
experiments (Chapter 4.7.1.1) and therefore would not act as a 
nucleus for calcite formation. The samples that were depleted with 
respect to calcium and magnesium ('D') gave a negligible deposition 
of material, and serves to indicate the important role of magnesium 
in the formation of clay minerals. 




5.1. SURFACE SEDIMENTS. 
5.1.1. PARTICLE SIZE ANALYSIS. 
5.1.1.1. SAMPLING TECHNIQUE. 
Samples for particle size analysis were collected during April 1981 
with the aid of a small Van-Veen grab with a "bite!' of approximately 
0.025 m2 (see Figure 5.1.). 	The grab proved highly successful except 
in areas containing stones of a size in excess of 10 mm or where 
large quantities of macrophyte debris were present. Drake65 found 
that Van-Veen, Ponar and weighted Ponar grabs were suitable for 
sampling particles up to 16 mm in diameter, although the efficiency 
of the Van-Veen grab was evidently lower, particularly for larger 
particle sizes. For synthetic samples with a particle size range of 
2-4 mm, recovery was 75% whilst at 8-16 mm recovery was 50%. With a 
thixotropic mud of the kind met in Kinghorn Loch recovery of the 
larger sizes is likely to be much improved on this figure. Most 
samples were recovered with a mud surface within 5 mm of the doors in 
the top of the grab and with a coherent, undisturbed surface (where 
one existed). Thus for those stations for which results are pre-
sented, the samples were considered to be representative. The scoop 
depth was estimated at 70 mm with a mean depth of 30 mm. This grab 
was also used for benthos sampling and its suitability for this work 
will be discussed in Chapter 7. 
5.1.1.2. THEXJRY. 
Analysis of the samples for particle size was based on that described 
by Buchanan66. The system relies ona geometric grade scale by which 
greater emphasis is placed on the separation of smaller sized fract-
ions. Thus grades of sand and silt are conveniently divided into a 
reasonable number of classes. The classes are formed by the 
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FIGURE 5.1. Van-Veen grab. 
logarithmic transformation of Knmbein to give the phi notation where 
phi= - 1092 of the particle size diameter in mm as shown in Table 5.1. 
name particle size phi 
urn 
granule 2000-5600 -1 
sand v.coarse 1000-2000 0 
coarse 500-1000 +1 
medium 250-500 +2 
fine 125-250 +3 
v.fine 63-125 +4 
name particle size phi 
UM 
silt coarse 31-63 +5 
coarse 15.6-31 +6 
fine 7.8-15.6 +7 
fine 3.9-7.8 +8 
clay <3.9 +9 
TABLE 5.1. The Relationship Between Spherical Particle Size 
and Phi Notation. 
During the analysis the wet sample was initially split into sand and 
silt-clay fractions by wet sieving to 63 urn. The sand fractions were 
dried in an oven at 70 0C and the silt-clay fraction was further 
analysed by pipette analysis according to settling velocities 
provided by Stokes' Law 66 . According to this law the settling 
velocity in m s, V, is given by: 









radius of a particle (in m) 
2(D-d)g/(9z) 
density of the particle (in kg m 3 ) 
density of water 
acceleration due to gravity cm m s 2 ) 
viscosity of water (in kg m s) 
By this formula the depth to which particles of a particular size 
will sink in a given time may be calculated. By taking a sample at 
this depth and time particles of that size and smaller will be 
collected. The settlement times used in the analytical procedure 
(Table 9.9.) are based on several assumptions necessary in order to 
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make use of the above formula. Particles are considered to be spheri-
cal, composed of quartz (D = 2650) and possess no significant attrac-
tive forces with regard to other particles. The dilution of the 
particles in the suspension is considered to be great enough to 
prevent any physical contact between particles. If the particles are 
flattened then sedimentation will be much slower and the settlement 
times shown will capture larger particles. 
Buchanan recommends destruction of the organic matter prior to deter-
mination of particle ize but the analytical procedure used was based 
on that of the Estuary Survey Section of the F.R.P.B. 67 and does not 
employ this pretreatment. The organic material in the sediments of 
the loch is extremely fine and forms an integral part of the 
structure. Morgans 68 observed that the organic matter acts, as do 
carbonates, as a binding agent forming stable aggregates. It is the 
native material, whether or not aggregated, that forms the substrate 
for invertebrates and therefore stable aggregates should be preserved 
wherever possible. Sane destruction is hover inevitable. In order 
to preserve the natural level of aggregates it would be necessary to 
maintain the surface charge of particles by careful maintenance of pH 
and ionic regime and by avoiding any abrasive disturbance during 
sorting. 
The fractionated material was retained for chemical analysis, and in 
order to provide a reasonable amount of clean material the use of 
sodium hexameta phosphate as a deflocculent was anitted and the 
initial sample weight doubled. Further, instead of 20 cm3 being 
removed as per the standard method at each time interval, 50 an 3 was 
taken. This increased volume removed 12 m of sample in 5 s using a 
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modified.  pipette compared to 5 rrrn in 7 s by the standard method. 15 
cm 3 of the volume will contain material that will be up to 3% 
oversized by this modification. It was considered that errors due to 
sample preparation, abrasion of particles during sieving and the 
quantitative transfer from the dry sieves, were more substantial than 
errors introduced by the necessary modifications made. Details of 
the analytical procedure form Chapter 9.4. 
5.1.1.3. PRESENTATION OF RESULTS AND STATISTICAL APPRAISAL 
The dry weight within each fraction of a sample are best presented 
in a cumulative percentage frequency curve set against the phi 
notation. Each sample has been presented in this manner in Appendix 
B.1 which includes a listing of statistical parameters defined by the 
following equations. 
Mean particle size , M0 = (Q84 + 
where Q denotes the quartile phi-value at the given percentage 
Median particle size, I'k = Q50 
Sorting coefficient, QD0 = (Q84 - Q16 )/2 
Skewness, 	 SKq0 = (Q16 + Q84 -2Q50)/(Q84 - Q16) 
Table 5.2. illustrates how these parameters are used to provide a 
description of the sediment 65 . 
It will be noted that the majority of the sediments found in Kinghorn 
Loch are muds, most of a fine nature. Figure 5.2. illustrates this 
graphically on a plan of the loch. Some samples were not taken 
either because the stations were found to be over rock or very coarse 
sediment or because of vegetation. These causes are marked on the 
plan. Additionally Appendix 13.2 carries a comprehensive description 
of the sediment surface compiled from the visual examination of grab 
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MACROPHyTE DEBRIS 
GRANULE & LARGER 
V.COARSE SAND 
COARSE SAND 
MEDIUM & FINE SAND 
Sediment distribution 
median particle size. 
Median in range 
(phi) 
<-1 
-1 to 0 
0 to 1 
1 to 2 
2 to 3 




0.35 to 0.50 
0.50 to 0.71 
0.71 to 1.00 
1.00 to 2.00 











very well sorted 
well sorted 
moderately well sorted 
moderately sorted 
poorly sorted 
very poorly sorted 
extremely poorly sorted 
TABLE 5.2. Sediment Narenclature. 
samples, particle size analysis and the sieving and results of 
invertebrate analysis. 
Figure 5.3, plots the moisture content (as a percentage of the wet 
weight of sediment) which gives an indication of the excessive 
"wetness" of some of the sediment. Even so, the surveys were taken 
during February 1981, covering a period of very calm weather. 
Moisture contents as low as these were not seen again prior to the 
leachate being removed and between these times a wide band of 
moisture contents well in excess of 90% developed over sites from 
0 
Station 39 through 27 and 23 to 21 and from 12 to 14. Only stations 
in a reasonable depth of water and off the direct line from leachate 
to deep water retained 1981 levels (stations 16 and 35). In parti-
cular, in the vicinity of station 39, resuspension of sediments led 
to extremely liquid mud held over some 1 m of. the water column and 
apparently involving the reworking of the upper 0.1 m of the settled 
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5.3. Moisture content of 
sediment (% wet welght) 
mud. The pH value of the loch at this time was pH 9.6. It was 
observed that resuspension becomes more persistent at higher pH. 
Since the diversion of the leachate in May 1983 and the subsequent 
lowering of the loch pH reworking of the sediments has been followed 
by a rapid settlement and return to clear water conditions. 
In order to investigate the effect of pH and ionic strength on 
settleinent rate, 150 g of wet sediment was suspended in 10 1 
distil led water. Representative sub-samples were transferred to 1 1 
plastic bottles and the pH adjusted from the initial pH 8.6 to give 
two sets of sub-samples at pH values of 7.5, 8.6, 9.5, and 10.5 by 
the addition of 1 M sodium carbonate solution or 1 M sulphuric acid 
as required. The electrical conductivity of the sample at pH 10.5 
was measured to be 1280 mhos cm-1 and one set of sub-samples was 
adjusted to this conductivity with 1 M sodium sulphate soluticn. 
Each bottle was rolled at 1 revolution 51  for 30 min and adjustment 
made for any slight change in measured pH. Thus one set presented a 
range of pH values at constant ionic strength while the other set 
gave a range of pH values at 'natural" ionic strengths. Each bottle 
was inverted several times and rapidly poured into an In3hoff's glass 
settlement cone. 50 cm-3 was removed from half-depth of water using a 
bulb pipette with an enlarged jet orifice and passed through a 
weighed glass fibre disc (grade C). The disc was dried, and 
reweighed to ascertain suspended solids content. Figure 5.4 illust-
rates the results obtained at pH 10.5 and pH 7.5. Samples at pH 8.6 
gave similar results to pH 7.5 whilst those at pH 9.5 were inter-
mediate. Constant ionic strength samples gave a higher level of 
residual solids than "natural" samples at the same pH. After 20 
hours the supernatant water was carefully removed by syphonage and 
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any residual water that formed on the underlying sediment was taken 
off with a Pasteur pipette. The wet sediment was transferred to a 
weighed polypropylene jar, weighed, and then dried to constant weight 
at 950C. The following moisture contents were observed at each pH. 
pH moisture (%) moisture (%) 
"natural" I.S. constant :I.S. 
7.5 95.8 96.7 
8.6 96.2 96.7 
9.5 96.7 97.3 
10.5 98.1 
TABLE 5.3. Moisture content of sediments found during 
settlement rate experiments. 
These values indicate that the sediment, for an equivalent weight of 
dry matter, was more than twice as voluminous at pH 10.5 as at pH 8.6 
for a "natural" situation and only slightly less so for constant 
ionic strength. Core profiles contained in Appendix C illustrate 
this print if comparison is made of the depth of red-i-red/brown 
sediment in the two 1983 cores with that taken in 1985. Fran Figure 
5.4 it will be observed that settling times were four times as rapid 
at pH 7.5-8.6 than at pH 10.5 and while the samples at pH 7.5 
contained less than 10 mg 1 suspended solids after 20 hours and 
appeared clear, that at pH 10.5 retained 34 mg 1 -1 (and 28 mg 1 -1 at 
pH 9.5) and was distinctly turbid. Thus under the normal conditions 
of wind and current turbulence the loch water at pH 9.5 and above 
would be extremely slow to clear. The dominant mineral present in the 
sediment has been found to be calcite and the observations are consi-
stent with the zero charge point of calcite which is at pH 8.2 (Stumm 
and Morgan8), the mineral surface bearing negative charge above this 
pH. 
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FIGURE 5.4. Experimental settlement rates. 
PH 7.5 high ion strength 
low ion strength 
hours 
5.1.2. CHEMICAL ANALYSIS OF SURFACE SEDIMENTS 
Sub-samples produced during particle size analysis were retained for 
chemical analysis in order to attempt to determine the tendency for 
elements to be concentrated in particular size ranges. It was 
decided to concentrate efforts on three stations, these being 14, 39 
and 45. Station 39 was immediately adjacent to the entry point of 
the leachate while station 45 was the nearest point to the north 
inlet entry that did not dry out in the summer. Station 14 was 
chosen as it was the deepest point in the loch. 
Each class size was analysed for major elemental components by X-ray 
fluorescence spectranetry using a fused disc procedure outlined in 
Chapter 9.2.1.1 and for carbon, nitrogen and hydrogen by elemental 
analyser as given in Chapter 9.3. Results so obtained for major 
element analysis required an initial correction for loss on ignition 
at 11000C. Ashed values fran C,H,N determinations required adjust-
ment for ashing at 47592 before the calculation of volatile and 
refractory components. Analysis for C,H,N required 30 mg of sample 
while major element analysis required 1 g. Insufficient sample was 
available for full analysis, even with the weight proportional 
pooling of classes, and results were therefore not available for some 
classes representing minor size constituents. 
Little variation in composition was observed for classes of phi5 (01 
urn) and finer at stations 39 and 45, while class phi4, the only other 
class present in significant quantity, showed an appreciable enrich-
ment in silica, as would be expected f ran an increasing proportion of 
detrital quartz (sand). The comparison of classes for these stations 
is shown in Table 5.4 illustrating the analysis results for class 
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M90 	Na20 KO Ti02  MnO P205  
4 125-63 14.9 5.28 3.03 3.42 28.8 0.63 0.27 0.28 0.03 0.28 
	
5-9 	<63 
result 7.75 10.1 4 	9.14 21 	1.61 0.19 0.34 0.06 0.58 
range 0.1 0.11 0.14 0.15 0.1 0.12 0.01 0.01 0 	0.06 
size size 
class (urn) inorg C org C inorg N org N refract H volatile H 
3 	250-125 2.34 	4.98 	<.1 	0.21 	0.41 	0.96 
4 125-63 4.92 5.46 <.1 0.34 0.47 1.29 
5-9 	<63 
result 4.88 	5.65 	<.1 	0.31 	0.47 	1.58 
range 	0.18 0.42 .1 0.06 0.02 0.41 
(b) Station 45. 
size size 
class (urn) Si02 A1203 Fe203 MgO CaO Na20 K20 Ti02 MriO P205 
4 	125-63 25.3 8.81 4.93 4.98 18.4 0.42 0.38 0.56 0.09 0.33 
5-9 <63 
result 16.8 9.63 3.11 5.45 22.3 0.51 0.29 0.44 0.1 	0.36 
range 0.05 0.04 0.28 0.54 0.08 0.06 0.01 0 	0.01 0 
size size 
class (urn) inorg C org C inorg N org N refract H volatile H 
2 	500-250 6.7 	3.65 	<.1 	0.42 	0.27 	0.65 
4 125-63 4.32 6.64 <.1 0.64 0.43 1.24 
5-9 	<63 
result 5.06 	6.49 	<.1 	0.72 	0.49 	1.25 
range 	0.12 0.13 0.3 0.31 0.02 0.22 
TABLE 5.4. Chemical Analysis of Particle-Sized Surface Sediment 
for Stations 39 & 45, with range of results for silt/clay fraction. 
At station 14 the bulk of the sediment lay within class phi7 and 
coarser and major element analysis was not possible for classes phi8 
and 9. However it was possible to obtain major element analysis on 
station 21 for these classes and it was hoped that since these 
stations are in a similar environment that the analyses could be 
compared. Unfortunately station 21 proved to possess significantly 
page 93 	 ' 5. LOCH SEDIMENTS 
more silica and comparison was not possible. Table 5.5 illustrates 
the full results for station 14. Since there appeared to be a 
distinct gradation of C,H,N results through the classes it proved 
possible to split the composition into discrete class boundaries 
between phi5 and 8 from the composite results by use of the formula: 
l?F= Pf(100-Wf )-Pf+1  (1OO-Wf 1 )/(Wf1 .-Wf ) 
where PF  = percentage of element within class boundaries of f 
Pf = percentage of element within clas f to phi9 
Wf = cumulative weight percentage of class phi-2 to f 
For an even distribution of weight fractions errors involved would be 
similar to those on the actual results. However, since most of the 
sample mass was concentrated in one fraction only, errors become 
correspondingly more significant. Table 5.5 includes estimates of 
these errors using standard deviations contained in Chapter 9.3. No 
attempt was made to compensate class phi6 to 7 for major elements 
contained in class phi8 to 9 as class phi6 to 7 contained 93% of 
material and conjecture on the composition of class phi 8 to 9 would 
have generated greater uncertainty. 
Analyses at each class/pooled classes were accumulated to ascertain 
the proportion of sample mass accounted for by the deterrninands used. 
Due to the incompleteness of the data this was possible on six sets 
only. Major elements were accumulated as the oxide percent and 
inorganic C as CO2 for carbonate incorporation. Organic C was 
assumed to be associated in the proportion CO. as a genera used ratio 
for freshly degrading organic matter taken as carbohydrate. Organic 
N and H were considered accounted for within this C:O organic ratio. 
Refractory H (not volatilized at 4750C) was accounted as H 20 held in 
mineral lattice. Table 5.6 illustrated the accumulations obtained 
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and show mean accountability for 98% of material. 
(a) Major Elements 
size size % 
class (urn) Si02 A1 203 Fe203 MgO CaO Na20K20 Ti02 MnO P205 
2/3 500-125 18.4 8.55 2.63 4.99 20.5 0.28 0.24 0.32 0.07 0.43 
'4/5 <125 14.9 9.5 2.54 5.44 20 0.37 0.23 0.32 0.07 0.44 
6 <31 13 11.4 2.37 6.96 30 0.5 	0.19 0.3 0.08 0.55 
(b) Cumulative C,H1N Results 
size size 
class (urn) inorg C org C inorg 'N org N refract H volatile H 
5 <63 5.8 6.91 <.1 0.6 0.52 1.23 
6 <31 6.14 6.32 <.1 0.65 , 	0.65 1.14 
8 <8 2.2 10.15 <.1 1.03 0.88 2.57 
9 <4 1.18 10.62 <.1 1.23 0.83 1.97 





9 <4  
% 
inorg C 




1.18 	0.04  
% 
org C 




TABLE 5.5. Chemical Analysis of Particle-Sized Surface Sediment 
for Station 14 for majors and C,H,N with class split of C results. 
Note: classes pooled on weight proportional basis (phi<6) 
station size size 	% 
class (urn) accumulated 
14. 	4/5 <125 	95.2 
14 6 	<31 111.0 
station size size % 
class (urn) accumulated 
39 4 125-63 98.2 
39 5 <63 90.6 
45 4 125-63 99.9 
45 5 <63 98.0 
TABLE 5.6. Percentage of sediment material accounted for 
by analysis applied. 
Aluminium and magnesium are seen to increase proportionally at all 
stations at finer size classes, indicating a higher proportion of 
clay minerals while silica, presumably the detrital quartz portion, 
decreases with decreasing class size. Note that these coarser 
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classes constitute a minor part of the whole. For all stations 
calcium was present at higher levels in the silt/mud fraction but 
only station 14 showed any gradation within this fraction. Station 
14 exhibited a calcium maximum of <31 urn and, judging from the 
inorganic carbon results, would show a maximum calcium carbonate 
level for the size range 31-8 urn, finer particles than this becoming 
increasingly deficient in inorganic carbon. Stations 39 and 45 
showed a similar calculated calcium carbonate percentage of 37.5 and 
39.8% respectively while station 14 showed 48%. 
Proportional changes in the organic component are not evident at 
stations 39 and 45 for the silt/mud fraction but station 14 shows a 
gradual enrichment in organic carbon and nitrogen toward finer 
particle-sizes and shows an organic level generally higher than the 
other stations. Atomic ratios of organic carbon: organic nitrogen 
for phi5 and smaller at station 14 was C/N = 13.4, at station 39 it 
was 21.3 and 10.5 at station 45. Hakanson 69 (and others) gives a 
planktonic ratio for lakes of approximately 5.6, while data presented 
by Gjessing 70 and Golterinan 71 indicate ratios of 10-20 for aquatic 
humus material. These ratios suggest that the organic component 
found at station 39 [9.7% of gross sediment dry weight as C2H20 + xN 
(ratio given by Gjessing)] is principally derived from humus material 
entering with the 1 eachate with, perhaps, a detrital component frau 
bank erosion to the north. Station 45 would be least affected by the 
material from the leachate, while both 14 and 45 would receive a 
significant planktonic input. Organic components at 14 and 45 
(assuming a medial composition of C 1 5H20) would be 14.4% and 13.7% 
of the gross sediment dry weight respectively. 
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5.2. TAKING OF SEDIMENT CORES 
In order to further investigate the fate of material deposited within 
the loch it was necessary to obtain profiles through the sediment, 
preferably to a depth representing conditions prior to the ingress of 
caustic leachate. The following aims were identified. 
To determine the depth and quantity of material deposited 
since pollution began. 
Date, by radionuclide analysis, any horizons within the core 
and determine the degree of reworking of the sediments. 
Provide a sedimentation rate for "natural" conditions in the 
loch and compare this with recent deposition rates. 
Determine the redox environment and investigate the 
relationship between chemical parameters of the core material 
and accompanying interstitial waters. 
Attempt to identify mineral forming processes within the 
profile. 
5.2.1. DESIGN AND OPERATION OF CORER. 
Initially a simple corer was designed to obtain profiles from shallow 
water near station 39. This corer proved successful even when 
sampling very liquid muds to the south of the leachate inlet pipe. 
In the event, assistance was offered by members of Fife Sub-Aqua Club 
and their kind help is most gratefully acknowledged. The corer did 
not require significant modification for use by a diver. 
The corer is illustrated in Figure 5.5 and consisted of a 2 m length 
of 100 rrui diameter PVC pipe bevelled at the lower end to ease entry 
into the sediment. Inside this pipe was placed a flexible, heavy- 










FIGURE 5.5. Corer. 
gauge nylon tube (150 nun wide when flat) of the sort used for pre-
paring heat-seal bags. The tube was marked on the outer side with 
divisions at 30 nun intervals. It was held at the lower end by a 
split-ring-clip made from a 20 mm length of the pipe, with .a segment 
of the circumference removed so that on insertion inside the nylon 
tube of the corer the width of the split was 1-2 nun only. This fitted 
against a similar piece of pipe sealed to the inside of the corer. 
The clip was held in place by three bolts passing through it and the 
corer body. Nylon cord entered the corer pipe 75 mm from its lower 
end and looped loosely about the nylon tube. It re-entered the pipe 
25 mm higher and re-emerged near the upper end of the pipe in a hand 
grip. When retrieving the core this line was pulled to form a 
tourniquet about the lower end in order to hold the soft mud of the 
core. Once pulled the weight of the core prevented it loosening. 
The corer was equipped with retrieval cords near the base and near 
the top, and a substantial pulling grip over the upper end of the 
device. 
The corer could be used in water depths to 4 m by the use of a 3 m 
additional length of pipe attached to the corer, and cores were 
retrieved by this means from stations 7, 39 and 45. The SCUB1. divers 
retrieved cores in July 1983 during a severe phytoplanktonic bloom 
which required them to work blind. Even so, the apparatus was 
readily employed and the tourniquet cord could be fixed at the top so 
as to be easily found. All cores obtained with this device incor-
porated a substantial depth of dark, fibrous material, being the 
"natural" sediment, below the polluted deposition. 
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Appendix C illustrates in graphical form the physical characteristics 
of each of the sediment cores profiled. 
After taking a core the clip was removed and the tourniquet replaced 
with a secure knot. The core was lifted through the pipe and tied 
securely well above the sediment surface. The nylon tube was susp-
ended vertically and the upper tie removed. The undisturbed sediment 
could then be probed at progressive intervals for Eh determination or 
segmented into polythene bags. 
5.2.2. PREPARATION OF CORE SEGMENTS FOR ANALYSIS. 
Eh measurements (Chapter 5.3.) indicated that sediments existed 
within a reducing environment and it was therefore necessary to 
determine interstitial water chemistry in such a way as to prevent 
oxidation. Attempts had been made to recover interstitial water from 
a core taken from station 26 in March 1983, by use of pressure 
filtration (squeezing) with oxygen-free nitrogen but this proved 
unsuccessful. Analysis for reactive silica and sulphate had been 
possible on water combined from segments and these results will be 
considered later. The muds, even if apparently very wet, were thixo-
tropic and yeided very little water. Rowlattil  using a pressure of 
3.4x105 N m 2 successfully extracted water from cores retrieved from 
lakes in the Lake District, but for the present cores a pressure of 
6.9x10 5 N nr 2 failed to retrieve more than 1-2 cm3 of sediment held 
water. It was reluctantly accepted that the segments could not be 
kept at sampling temperature for the removal of interstitial water 
and they were subjected to rapid deep-freezing in order to preserve 
them. It was found that on thawing out pressure filtration at 
3. 4x1 0 5  N nr 2 (3.4 bar) with oxygen-free nitrogen easily retrieved 
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sufficient interstitial water for analytical needs. All segments were 
stored in a deep-frozen state until required for analysis. 
Thus the following procedure for segmentation and preparation was 
employed. 
Segments were undisturbed prior to being removed from the core and 
rapidly transferred to the heavy-gauge polythene bags in which they 
were to be frozen. The pH of each segment was recorded. The samples 
were gently worked and the bags sealed so as to exclude air and the 
bags retained in a cooled box prior to freezing within 1-6 hours. 
Oxygen diffusion through the polythene skin of the bag prior to deep-
freezing should not have been significant. Some early cores recovered 
for solid component analysis only were deep frozen intact and 
segmented in a frozen state. This was found to be unnecessary and 
all subsequent cores were treated as described above. 
Samples were required for major and trace element, and C,H,N eleme-
ntal analysis. Additionally material was needed for radio-dating and 
XRD crystallography studies. It was also hoped to retain sufficient 
sediment for scanning electron microscopy and electron microprobe 
studies (which do not form part of this thesis). Interstitial water 
was also required. The segment volume was approximately 250 cm 3 with 
a dry residue component of up to 40 g. Pressure filtration recovered 
up to 120 an 3 of water per segment and a minimum of 60 cm3 was 
required for analysis. It was considered undesirable to allow 
samples destined for freeze-drying to thaw and so it was decided to 
use certain cores for interstitial water analysis and others for 
matrix analysis, relying on pH profile and visual examination for 
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core canparabi 1 ity. 
Core segments for matrix examination were treated as follows. Deep-
frozen segments were placed between heavy gauge polythene sheet and 
immediately broken up with a metal bar. The broken pieces were 
divided in half (there being insufficient freeze-dryer capacity to 
dry the whole) and one part transferred immediately to a 500 cm 3 
round-bottomed flask fitted with a B34 cone, and freeze-dried. After 
freeze-drying the residue was transferred to a polypropylene jar and 
stored in a cool, dark place. An aliquot of approximately 100 mg was 
transferred to a small cup formed from aluminium foil, weighed, and 
dried at 1050C. After cooling the cup was reweighed. Freeze-dried 
samples were found to contain 0.6-1.8% moisture volatile at 105 0C. 
Freeze-drying should present a gentle technique relative to oven-
drying for the investigation of matrix chemistry. It has the 
advantage of remaining within a solid phase whereby loss of gases do 
not affect the aqueous based equilibria. Freeze-drying was chosen so 
as to allow, as far as possible, the' maintairiance of hydrated mineral 
species which may otherwise be significantly affected by heating. It 
is also a technique that keeps the reducing nature of the sediments 
and thereby protects certain minerals. The remaining part (retained 
for less heat-sensitive parameters) was transferred to a weighed 
polypropylene jar and reweighed. It was a 1 lowed to thaw and dried to 
constant weight at 700C. The final weight was used to determine 
moisture content and the jar stored in a dark place. 
Core segments destined for interstitial water analysis were similarly 
broken up and the whole sample rapidly transferred to a 500 cm3 flask 
(B34 cone) fitted with a purge of oxygen-free nitrogen and allowed to 
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thaw at 40C. Thawed samples were transferred to a pressure filtra-
tion apparatus (previously purged with oxygen-free nitrogen) incor-
porating a glass-fibre pre-filter and 0.1 urn membrane filter. 
Pressure filtration at 3.4x10 5 N m 2' provided 100 cm3 "interstitial" 
water at a mean rate of approximately 10 cm 3 min. The filtrate 
stream was sub-sampled direct, sub-samples being collected for 
sulphide, anions and metals analysis in that order. A 20 cm 3 glass 
vial containing 0.25 an 3 zinc acetate solution was filled with 
filtrate and 0.25 an 3 sodium carbonate solution added (see Chapter 
9.1.1.1.). The stopper was inserted and the vial inverted several 
times. This sub-sample was retained for sulphide analysis by the DPD 
procedure of Chapter 9.1.2.4. A 60 cm3 polythene bottle was allowed 
to completely fill with filtrate and the pH recorded before being 
placed in storage at 4 0C. Between determinations the probe was 
retained in buffer at 4 0C and prior to use washed with water at a 
similar temperature. Approximately 20 cm 3 of filtrate was allowed to 
flow into a 60 an3 polythene bottle containing 0.8 cm 3 concentrated 
hydrochloric acid. This sample was retained for metals analysis. 
The pressure filtration was continued until a flow of less than 1 an3 
min-1 was obtained. The filtrate so collected was stored at 40C and 
the residue dried at 700C for possible future use. 
The adoption of this procedure presented two separate problems which 
must be considered in assessing the effect on the chemical 
composition of the interstitial waters. 
(1)oxidation-reduction , . 
Several workers have been concerned with the oxidation-reduction 
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balance within the water both from the effect of squeezing and of 
exposure to atmospheric oxygen. Troup et a1 72 found that the squeez-
ing of anoxic mud gave a steadily increasing concentration of Fe2+ in 
the filtered water up to a certain maximum (3-11 mg 1 in experi-
ments). Davison etal 73 investigating a procedure for the direct 
analysis of Fe 2 , Mn2 and S 2 by in situ polarography found that 
deliberate exposure to atmosphere by stirred aeration reduced Fe 2 
(initially 0.1 mM) by up to 80% and reduced S 2 to undetectable 
levels. The authors concluded that as the rate of oxygen uptake was 
insufficient to account for the changes, re-equilibrium with the 
solid phase was more significant, and that the process was not neces-
sarily linked to oxidation, loss of (1)2,  or change in pH value. The 
effect of squeezing was variable with agreement between in situ 
sediment pH and extracted water pH being + 0.06 units for Esthwaite 
Water and +0.3 units for Rostherne Mere. Lyons et al' investigated 
oxidation effects on anoxic carbonate sediments, as significant 
effects had previously only been reported in iron-rich clastic 
material. They determined that an effect ocçured above 0.1 mg 1_ 1  
dissolved iron but not below this figure. They also observed that 
references which cited dissolved iron in anoxic sediments but where 
atmospheric exposure was allowed presented values in the region of 
0.1 mg 1 1 indicating the possibility of this being a neo-equilibrium 
concentration (presumably with surface deposited FeS). It was also 
found that the loss of iron was associated in the ratio 1:0.45 with 
the loss of phosphate. It was postulated that this was an indication 
of the scavenging potential for orthophosphate of freshly formed 
Fe(OH)3. It is considered that, during the present study, sufficient 
precautions were taken with the handling of samples to have 
maintained a reasonable level of reductive atmosphere throughout. 
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(2)Freezing. 
It was noted that Davison et a1 73  considered that mechanical effects 
of aeration were more important than oxygen in affecting interstitial 
water chemistry, and it is therefore likely that a fundamental change 
such as freezing will have a considerable effect on the chemistry. 
pH was the only parameter to be determined on both the in situ 
sediments and the extracted water and the results proved to be 
variable. Table 5.7 lists pH values found for cores at stations 12, 
16 and 35 taken during July 1983. Agreement was found to be reason-
able in the upper part of the cores and less so in the lower areas 
where the pH was generally 0.1 -0.4 units above the direct sediment 
measurement. For comparison results are included for a sediment core 
from station 39 taken during April 1985. A similar pattern is seen 
except for the surface material (0-30 mm) when the extracted water pH 
was 0.2 units above the sediment pH and 0.4 units above that in the 
overlying water. 
Reference to the Eh values (Chapter 5.3.). shows that during April 
1985 the surface sediments were not under reducing conditions and a 
nitrogen purge of the oxygen contained in the segment may be respo-
nsible for this deviation. Examination of the results obtained for 
interstitial chemistry (Chapter 5.5.) show differing levels of iron 
at various horizons and do not support any re-adjusted equilibrium 
theory similar to that proposed by Lyons et a1 74. Table 5.8 compares 
the results obtained by direct filtration of core 26 in March 1983 
with those given by a freeze-thaw process on core 12 in July 1983. 
Unfortunately these stations are very differently situated as station 



































(Station 12 - July 1983) 
in situ extracted differ 
pH 	pH 	-ence 
9.28 9.24 -.04 
9.2 9.2 0 
9.03 9 -.03 
8.73 8.66 -.07 
8.51 8.52 +.01 
8.14 8.14 0 
7.92 7.8 -.12 
7.9 7.96 +.06 
7.69 7.54 -.15 
7.83 7.86 +.03 
8.02 8.2 +.18 
7.69 7.77 +.08 
7.66 7.86 
(Station 35 - July 1983) 
in situ extracted differ 
pH 	pH 	-ence. 
9.34. 9.36 +.02 
9.4 9.38 -.02 
9.31 9.27 -.04 
9.12 9.14 +.02 
9.12 9.1 -.02 
9.04 9.08 +.04 
8.24 8.34 
8.02 8 -.02 
7.74 7.93 +.19 
7.68 7.79 +.11 
7.66 7.91 +.25 
7.86 8.1 +.24 
(Station 16 - July 1983) 
in situ extracted differ 
pH pH -ence 
9.69 
9.35 9.35 0 
9.28 9.26 -.02 
9.15 9.09 -.06 
.9 9.02 +.02 
8.98 8.98 0 
8.88 8.86 -.02 
8.54 8.53 -.01 
8.17 8.29 +.12 
7.72 7.79 +.07 
7.72 7.81 +.09 
7.53 7.41 -.12 
7.8 7.65 -.15 
(Station 39 - April 1985) 
in situ extracted differ 
PH pH -ence 
8.3 8.5 +.2 
8.8 8.8 0 
8.9 8.9 0 
9.1 9 -.1 





7.8 8 +.2 
7.6. 7.9 
7.6 7.8 
7.4 	. 7.5 
TABLE 5.7. Comparison of pH values down 4 cores showing 
the difference between in situ sediment pH and filtrate 
pH after freeze-thaw. 
Results for station 12 show similar levels of sulphate in the upper 
part of the core but twice as much in the lower core. Conversely 
silica Is initially lower but becomes comparable at deeper levels. 
Unfortunately it is very difficult to estimate the effectof 
differing pH and redox conditions on these sites but since results 
were of similar order it would indicate that the effect of freezing 
segments is not devastating. 
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• date taken: March 1983 July 1983 
Station 26 Station 12 
depth (mm) Si02 SO4 depth (mm) Si02 SO4 
200-250 6.8 114 120-150 3.3 87 
250-300 5.2 123 150-180 3.6 101 










240-270 4.7 261 
650-675 9.4 136 270-300 3.8 215 
300-330 7.8 188 
675-700 18.1 94 330-360 15.6 179 
360-390 21.2 169 
mg/i mg/i mg/i mg/i 
Si02 SO4 Si02 SO4 
TABLE 5.8. 	Comparison of analytical results obtained 
by immediate pressure filtration (station 26) and after 
initial freezing (station 12). 	-. 	is division of 
red sediment and dark fibrous sediment. 
The freezing process evidently caused considerable aggregation of 
fine mud particles in the sediment and will have had a profound 
effect on surface area and surface electrical charge available for 
absorption, processes. 	Alkalinity does not appear to have been 
modified to any significant degree or in any consistent manner. The 
effect on pH seems to have been no more dramatic than could have been 
expected by prolonged squeezing. Given the lack of reported invest-
igations on freezing effects, and as time was not available to follow 
up these problems, attempts were made merely to standardize technique 
in order to present information which was comparable within the loch 
system. 
5.3 Eh MEASUREMENT. 
5.3.1 THEORY AND LIMITATIONS. 
The measurement of Eh as a means of defining the oxidation-reduction 
potential of a sediment has been used extensively. However, many 
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workers now recognise that severe limitations are placed on data 
interpretation. Whitfield 75 has identified several problems which 
preclude the use of the measurement on an absolute basis and has 
suggested ways of overcoming those that result from the methodology. 
The calomel , electrode, used as a standard reference, can generate a 
spurious potential between the liquid junction and test solution, due 
to the effect of flocculent suspended matter. This interference was 
reduced by the use of 3.5 M potassium chloride rather than a 
saturated solution (Whitfield76 ). However the other recommended 
precaution, that of presenting a remote junction was not incorporated 
in the electrode used for this study. Similarly the reduction in 
salt concentration, reduces the hysteresis effects of over/under-
saturation due to lower temperatures in the sediment core. Other 
operational difficulties involve the possible formation of sulphide 
on the platinum electrode (although the present sediments are not 
sufficiently sulphur-rich to cause problems) and the essential 
requirement of careful insertion of the electrodes so as to avoid 
entrainment of oxygen or other gases. 
The major problems are, however, inherent in the natural system. The 
redox couples present will not be in equilibrium and may well not 
attain such at the electrode. Further; a rapidly reversible couple, 
if occuring at the electrode will generate a potential that may be 
little related to the overall potential within the system 75 . In 
general the electrode responds satisfactorily to only a few processes 
and does not respond to 02/H20 1  S0/H2S, (D2/CH4, NOj/N2, and N2/NH 
or any reaction in the solid thase 77. Of relevance to this study is 
that, in strongly reducing systems the electrode is sensitive to many 
of the minor species present, in particular, iron and arsenic 
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species, and as long as these are in steady state, if not equilib-
rium, then the redox potential may be of value 77. Lindberg & 
Runnel is 78 have related Eh measurement in ground water to Nernstian 
behaviour and found that the measurement of Eh was very misleading. 
Approximation to equilibrium is not possible in a natural system 
where active biotic processes are at work (Morris & Stuirm 79 ). 
Several workers have used Eh as an "operational" parameter as sugge-
sted by Whitfield75 and a good example was the work of Pearson & 
Stanley8° on the assessment of the organic pollution of marine 
sediments. This "operational" use has been investigated and 
sanctioned by the Ccznrnission of the European Corrinunities 81 . 
In view of the potential problems outlined above, Eh values measured 
during this study have been signalled, Eh*,  to distinguish them frcni 
theoretically described potentials. 
5.3.2. EXPERIMENTAL PROCEDURE. 
Eh* measurements were performed on undisturbed grab samples taken 
during February 1982 and March 1983. Results were available dcr.in to 
60 m in each case. Additionally a core profile down to 370 mm was 
obtained during April 1985 when a significant change in sediment 
characteristics became apparent. 
Determination was performed using a Radiometer specific ion meter 
PHM53 measuring over a range of +500 mV to -500 mV, and electrodes 
manufactured by Russell pH Ltd., Auchtermuchty, Fife. A calomel 
reference electrode (3.5 M KC1 bridge solution) was used in conjun-
ction with a platinum electrode fitted with a 3 mm long x 2 mm 
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diameter sensing plug. The platinum electrode was 'mounted on a 
Palmer stand which could be slowly wound into the sediment in 
discrete intervals with minimum disturbance. The electrode was 
accompanied by a probe consisting of a 2.5 mm diameter glass rod 
which proceeded just ahead to protect it from stones and other debris 
in the sediment. The probe was nude as narrow as possible to avoid 
sediment disturbance. Prior to use the platinum electrode was re-
fully cleaned with fine abrasive paper 75 and calibrated against 
ZoBell solution. ZoBell solution was produced by mixing 250 an3 each 
of 0.003 M potassium ferricyanide and 0.003 M potassium ferrocyanide 
in 0.1 M potassium chloride 2 hours before - use. The electrodes and 
Zobel 1 solution were equilibrated to the water temperature before 
being used. The sensing electrode had an operating length of 300 n. 
The reference electrode was clamped in place so that the sensing plug 
was below the water surface but ensuring that the KC1 solution level 
in the electrode was more than 30 rrnii above water surface (to prevent 
ingress of contaminants into the electrode). 
After positioning the platinum electrode a reading was noted after 60 
s. A second reading was observed at 120 s and if stable (drift 
<1 mV) this reading was recorded, otherwise the reading observed at 
300 s was recorded. It was found that for readings below -100 mV 
stability was achieved within 30 s. The observed potential (E mV) at 
temperature (T °C) was converted to Eh*  (my) relative to Standard 
Hydrogen Electrode by means of the formula 
Eh* = E + 244 - (T - 25)xO.76 
as supplied by the electrode manufacturers. 
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5.3.3. RESULTS. 
Table 5.9 tabulates the results obtained on' each sampling occasion. 
The required modification for taking readings below an Eh*  value of 
250 mV was not available during these surveys. However it is evident 
that important redox reactions occur below this potential at higher 
pH values. These include most significant C-N-S-H--U couples 
(Berner22) and Fe2 /Fe3 /FeS/FeS2 processes (Drever 77 ). However it 
is, in any case, probably pushing this "operational" parameter too 
far to involve a precise Eh*,  and it suffices to indicate that very 
low Eh values are involved. 
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date taken: FEBRUARY 1982 
station: 	7 	12 
depth (m) 
+5 	+460 	+465 
surface 	+455 +455 
-10 	+199 	+219 
-20 +35 +64 
-30 	-205 	-111 
-40 <-250 -237 
-50 	<-250 	<-250 
























+ 8 +134 


















































-50 + 12 





-100 - 68 
-110(b)- 81 
-120 - 84 
-130 - 92 
-140 -100 














-280 - 97 
depth Eh* 
-290 	- 90 
-300(r)- 75 
-310 	- 77 
-320 - 75 
-330 	- 73 
-340 - 76 
-350 	- 70 
-360 - 68 
-370 	- 65 
TABLE 5.9. Measurement of Eh*  (Eh observed) from 1982 to 1985. 
Depth in mm below mud-water interface, results in mV. Temperatures 
between 8.5-120C. (a) 0-110mm very soft red mud, (b) 11 0-270mm 
silty, light brown mud, (C) 270-390mm dark, fibrous with plant 
debris. (i) Indistinct surface. (r) Reference electrode in mud for 
-300 to -370 mm. 
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5.4. ANALYSIS OF SEDIMENT (DRE MATERIAL 
5.4.1. CHEMICAL COMPOSITION. 
Sediment material was subjected to analysis by several techniques. 
Bulk inorganic chemistry was determined by X-Ray Fluorescence 
Spectrometry as described in Chapter 9.2.1 and C, H, N was determined 
by elemental analyzer as described in Chapter 9.3. Major element 
chemistry was covered by Ca, Mg, Na, K, Si, Al, P, C, and N. Minor 
element determinands were chosen to indicate the existence of 
detrital material (Ti and Zr), aluminosilicates (Si, K, Mg; Fe, Rb), 
those affected by bingenic processes (Br, I, Mo) and trace metals 
which are readily surface-adsorbed. Three cores were chosen for 
analysis, these being station 14 (deepest point), 39 (near leachate 
entry) and 45 (near north inlet) as sampled in July 1983. Addition-
ally a core from station 39 obtained in March 1983 was subjected to 
major element analysis for comparative purposes. This core was 
designated 39A. The results obtained are summarised in Table D.1. 
It will be noted that few data are available for the 0-3 an segment 
of cores, as insufficient material was available after drying. 
Table D.,1 illustrates the concentration of elements found for each 
segment after adjustment for the composition of interstitial water. 
It has been assumed that the interstitial water has the composition 
of average loch water over the period 1981-1983. Since the only 
major effects will be for sodium and chloride this assumption may be 
reasonable. Unfortunately, the adjustment is exponential. with 
respect to moisture content expressed as wet weight, and the results 
contain an ever increasing error as moisture content increases. The 
concentration of element i contained in the solid phase of the wet 
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sediment (Xja) was calculated fran the gross content of element i in 
the dried sediment (Xt) and that in the interstitial water (X1) by 
use of the formula: 
Xia  = Xit - C(W/(100-w))Xiw  
where C = 0.0001 for those elements expressed in %(w/w) and 
1 	for those elements expressed in mg kg - 
W = % moisture (w/w, wet weight) in the sediment 
For each segment the expression W/( 1 00-W) was calculated and multi-
plied by the Xiw factors shown in Table 5.10. An indication is given 
of the correction required for higher levels of W. Only elements 
presenting corrections >1% are given. 
element conc. X1 W 
i units 75 80 '85 90 95 
Na 251.8 	0.08 0.1 0.143 0.227 0.478 
K 3.64 ---- ---- 0.002 '0.003 0.007 
Cl mg/kg 37.8 	113 151.2 214.2 340.2 718.2 
As mg/kg 0.32 0.96 1.28 1.81 2.88 6.08 
V mg/kg 0.49 	1.47 1.96 2.78 4.41 9.31 
S mg/kg 14.74 44.22 58.92 83.5 132.7 280.1 
TABLE 5.10. Adjustment expression [C(W/(100-W))Xi)  for signif- 
cant elements, i, at specified values of moisture content, W. 
refers to units 'of measurement in the sediment while X iW  values 
are in mg/l. 
It is evident that such a general means of correction will not mirror 
the interstitial chemistry in the "native" sediment at the base of 
each core but it was not thought to be possible to grade correction 
increments down the core. From results presented in Chapter 5.5 it 
is likely that arsenic will carry the greatest error, being 
underestimated by up to 8% while at the same time silicon will be 
undercorrected. 
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5.4.2. HORIZONS WITHIN A SEDIMENT CORE. 
In order to gain an understanding of the inter-relation between 
segments within a core and also between cores a computer program 
"CLUSTER" (Appendix E.2) was written to provide a statistical 
comparison of segment chemistries. Comparison was achieved by 
cluster analysis of multivariate data (as given by Davis 1 ) with two 
separate correlation systems, one by the use of correlation coeff-
icient rij and the other using a distance coeicient d 3 . Both 
systems gave very similar results but as dii , values are unbounded 
while rij are restricted to be between +1 and -1, a matrix of di j 
values was considered more easily discriminating. Standardised 
rn-space Euclidian distances, were computed from 
=i( =1[(Xik_Xjk)/] 2 }/n 
where Xik and Xjk are the results obtained for the kth determinand 
for segments i and j respectively and n is the number of determinands 
measured. So that the coefficient would not be biased by a 
numerically large set of results the equation incorporates a 
"standardization' procedure involving the division of all results for 
determinand k by 'k  a combined mean of results for determinand k 
over all the cores bing compared. 
The program created a single matrix containing all results (except 
for the incomplete data within the 0-30 rrn interval) for cores from 
stations 14, 	39, 	and 45 and each result standardised by the mean for 
that determinand. A second matrix was generated containing d1 	for 
comparison of each segment of the combined cores with all others. 
This produced a 45x45 element matrix with the following constructiai, 
each box indicating the cores being compared: 
page 114 	 5. LOCH SEDIMENTS 
	
'14'x'14' 	'14'x'39' 	'14'x'45' 
TABLE TABLE 	TABLE 
5.11 	5.14 1 5.15 
1391 x 1 39''39'x'45' 
TABLE TABLE 




Tables 5.11 to 5.16 show the individual sections of this matrix. Note 
that segment i represents the 30-6.0 mm horizon and that 0-30mm is 
omitted. For each of these comparisons a dendram' was created. This 
involved pairing the segments with the lowest d 1 value (greatest 
similarity) and replacing the pair with a mean value of the two 
results for each determinand. dij was recalculated using this mean 
value in place of the separate ones and the procedure repeated until 
the last pair of grouped segments were combined (see Davis' 9 ). 
Dendograms were generated for relations within individual cores and 
these are illustrated in Figure 5.6. Distance coefficient analysis 
does not allow a degree of significance to be attached to the 
correlation19 but in this instance such figures would be irrelevant. 
From Figure 5.6 it will be seen that for stations 14 and 39 the 
correlations compare well with the observed horizons (For key see 
Appendix C). 
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segment number 
1 	2 3 4 5 6 7 8 9 10 11 12 13 	14 	15 	16 	17 	18 
2 49 
3 58 	25 
4 81 	54 30 
5 63 	35 15 23 
6 73 	47 25 16 14 
7 86 	49 38 41 39 36 
8 95 	62 52 55 55 51 24 
9 101 	70 60 61 63 59 33 12 
10 106 	78 68 68 71 66 44 25 16 
11 114 	85 73 68 75 69 52 38 32 22 
12 120 	92 80 16 83 77 60 47 41 31 14 
13 128 . 100 91 88 94 89 70 53 46 36 27 20 
14 127 	98 89 88 93 88 68 57 50 40 28 19 26 
15 129 101 94 94 98 94 73 57 50 40 33 25 16. 	20 
16 130 103 96 96 100 97 76 61 53 43 37 30 21 	24 	8 
17 	120 101 04 95 99 96 75 61 55 46 40 33 24 25 13 10 
18 122 91 85 87 90 87 64 53 48 41 38 33 32 26 22 21 17 
TABLE 5.11. Distance coefficients down core 14. 
1 2 	3 4 	5 6 7 8 9 10 11 12 13 14 15 	16 	17 	18 
2 39 
3 16 11 
4 15 16 	15 
5 18 24 	21 14 
6 21 30 	28 24 	20 
7 27 34 	27 28 	23 27 
8 29 40 	36. 32 	25 29 19 
9 41 46 	44 42 	40 34 29 33 
10 82 86 	87 85 	84 71 79 81 55 
11 102 105'106 104 103 93 97 99 74 33 
12 95 98 100 99 	99 88 92 95 70 37 21 
13 92 94 	95 94 	94 84 88 92 64 30 22 23 
14 92 96 	98 97 	99 90 94 98 71 43 37 36 18 
15 98 96 	99 98 100 91 95 99 72 48 39 37 23 9 
16 91 89 	92 91 	94 86 90 95 69 52 54 48 36 25 25 
17 91 90 	91 91 	93 84 83 89 62 55 59 53 41 38 38 	36 
18 89 89 	89 90 	91 83 81 89 62 60 66 59 49 46 46 	42 	12 
TABLE 5.12. Distance coefficients down core 39. 
1 23456789 
2 10 
3 14 10 
4 25 21 16 
5 31 28 23 9 
6 41 38 33 22 15 
7 67 64 60 47 40 35 
8 80 78 74 62 54 48 17 
9 77 74 70 60 53 42 31 25 
NOTE. Segment 1 represents the 
30-60 mm horizon, and so 
segment 9 represents the 
270-300 m horizon, etc. 
TABLE 5.13. Distance coefficients down core 45. 
"I'll 	 mm 
4° 	a 	 80 
rrelation bf distance coefficients (d) 
wn cores by Cluster analysis. 
For station 14 two separate sediment types are evident within the 
red-brown layer while the material in the grey layer is well 
correlated but of a type blending well with the. "native" sediment 
below. The material above the grey layer is poorly correlated with 
that below but the extremely wet red layer at the surface is 
evidently very different from the whole of the rest of the core. 
Core 45 separates very nicely into the material of 'native" sediment 
and that above. In this instance the upper, very soft, red layer is 
very similar to the red-brown layer below. Core 39 is more complex. 
The upper 270 mm are well correlated and so is the material of the 
grey and transitional zones. The latter zones are moderately well 
typed with the "natural" sediment but a definite difference exists 
between the material above and below 300 nun. 
The break at which a real difference in chemical composition occurs 
relates to the transition to "native" sediment at station 45 only. 
At the two stations that regularly suffer anoxic conditions the break 
occurs immediately above the grey zone and it is likely that this 
zone represents the pyrite-formation horizon. Again, the upper 60 nun 
of core 14 will represent a very different redox regime compared to 
the centre part of the core and the definite break here may be a 
distinct indication of this change. 
5.4.3. RELATIONSHIP BETWEEN CORES. 
Every segment of material in cores 14, 39, and 45 were compared with 
every other segment in the other cores and the distance coefficients 
are tabulated in Tables 5.14 to 5.16. Figure 5.7 shows the best 
relationships between individual segments. If' the best d value was 
>50 then it was omitted. Superimposed upon this are sediment type 
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segment number 
1 	2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 
1 93 	50 53 67 61 65 52 54 61 71 79 84 87 91 89 90 89 81 
2 96 	56 60 75 68 73 58 57 63 72 81 85 86 92 88 89 87 80 
3 96 	53 58 74 67 72 56 58 65 74 83 87 89 93 90 91 89 81 
4 93 	52 57 74 67 72 56 57 63 72 81 85 87 92 89 90 89 82 
5 91 	50 55 72 65 70 56 60 66 74 82 87 90 92 91 93 91 83 
6 95 	54 52 63 61 65 54 56 61 68 73 78 82 85 84 85 84 77 
7 90 	43 48 65 58 63 47 56 62 70 76 80 87 84 87 88 86 75 
8 86 	42 45 62 55 61 48 58 64 72 79 84 91 89 92 93 92 82 
9 92 	51 46 55 54 55 33 37 41 47 51 55 63 60 63 65 63 53 
10 118 	90 75 65 77 71 64 58 54 49 35 32 41 42 47 50 49 50 
11 134 109 97 91 100 95 85 79 74 67 52 42 48 41 49 52 49 54 
12 132 105 94 90 97 93 83 75 72 65 55 45 48 44 48 50 45 49 
13 128 101 91 88 94 90 77 67 62 54 41 32 35 30 33 34 31 36 
14 132 107 99 98 103 99 84 71 64 54 45 35 30 31 25 25 23 33 
15 133 108 101 102 106 103 86 73 67 57 49 39 33 32 •26 25 22 33 
16 129 104 97 99 103 100 83 69 64 54 51 44 36 42 32 29 28 34 
17 126 	98 92 94 97 95 77 69 64 56 51 47 48 41 39 35 34 29 
18 126 	97 92 95 97 95 78 70 66 60 56 53 54 48 46 42 40 33 
TABLE 5.14. Distance coefficient correlation between segments of core 14 (across 
page) and core 39 (down page). 
1 	2 	3 	4 	5 	6 	7 	8 	9 10 11 12 13 14 15 16 17 18 
1 	95 52 53 65 60 62 37 43 49 56 63 68 75 71 74 75 74 62 
2 97 55 55 66 62 64 37 42 47 54 61 65 72 69 71 72 72 59 
3 	99 59 57 67 64 64 37 39 44 50 57 62 69 65 67 69 68 56 
4 103 65 61 69 67 67 38 32 34 38 47 52 57 56 55 57 57 46 
5 	104 68 63 70 69 68 39 29 29 32 40 45 50 50 49 50 52 42 
6 109 75 69 74 75 73 45 36 32 30 33 37 45 39 41 43 45 35 
7 	121 94 87 89 92 89 66 48 40 31 32 31 22 35 22 25 31 35 
8 131 106 99 99 104 100 79 61 52 43 39 35 23 34 21 23 29 39 
9 	130 104 96 96 101 97 75 63 55 46 37 33 33 24 24 25 30 34 
TABLE 5.15. Distance coefficient correlation beti ueen se nents of core 14 (across 
page) and core 45 (down page). 
1 	2 	3 	4 	5 	6 	7 	B 	9 10 11 12 13 14 15 16 17 18 
1 	42 45 42 45 45 46 32 40 31 75 92 88 81 85 85 82 74 74 
2 45 48 45 47 47 47 35 43 31 73 90 86 79 82 83 79 72 71 
3 	49 52 49 51 52 51 40 46 31 70 87 84 76 79 80 76 68 69 
4 52 53 52 53 55 53 47 53 33 63 81 77 67 68 70 65 60 61 
5 	56 56 56 57 59 55 51 58 34 59 77 74 62 63 65 61 56 58 
6 67 68 68 68 69 64 60 66 39 55 70 69 56 56 58 56 48 51 
7 	80 78 81 80 83 76 81 86 59 52 62 62 48 41 43 41 49 54 
B 93 91 94 92 95 88 93 98 70 55 59 60 46 38 38 42 53 58 
9 	96 96 96 95 96 88 90 96 66 53 53 57 43 40 40 47 45 51 
TABLE 5.16. Distance coefficient correlation between segments of core 39 (across 
page) and core 45 (down page). 
NOTE. Segment 1 represents the 30-60 mm horizon, and so segment 9 represents the 
270-300 m horizon, etc. 
(coded as shown in Appendix C) and horizon boundaries taken from 
Figure 5.6. These three parameter sets were used to identify 
segments within the cores that were well correlated and did not cross 
any sediment type or physical boundaries. Two such "segment sets" 
were indentified and these are indicated in Figure 5.8. Set '2' was 
extended to create sets 1 3' and '4' by allowing well correlated 
segments to trangress physical boundaries. It will be evident fran 
the figures that the upper parts of cores 14 and 39 do not form a set 
and are not related to any segment of core 45 except for 30-60 mm 
segment, where the correlation is not good. "Segment sets" so formed 
were considered to represent inter-related sediments that could be 
investigated for chemical relationships. 
5.4.4. RELATIONSHIP OF ELEMENTS WITHIN HORIZONS 
Each segment set was investigated to ascertain which, if any, of the 
elements were spacial ly correlated. A t-test was initially applied 
to the individual elements within sets 1 and 2 in order to determine 
if any element was equally abundant within the sets. This was 
achieved by comparison of the means, using a standard deviation of 5% 
in all cases (this approximation was used after consulting Table 
9.4). No significant difference was found for the abundance of 
aluminium in either set. All other elements were differently abund-
ant. On applying a F-test to the standard deviation about the mean 
for aluminium it was found that it was not significantly greater than 
5% in either set 1 or 2. All other elements showed considerable 
variation in concentration within each set. Elements investigated 
were the "key" elements (as defined below), Ca, Si, organic C, Ti, 
Al, and Fe. 





















1 14' 	'39' 	1 45' 	'14' 
FIGURE 5.7. Good correlations between inter-segment d values 
incorporating dendograrn boundaries, represents 50>d>40, 
represents 40>d>30 and 	30>d. Physical boundaries are 
shaded as in Appendix C. 
station: - 	 '14' 1 39' 1 45' '14' 	segment 
depth (mm) - set - 
30-60. 1 1 1 1 
60-90 2 2 or 2 
90-120 3 3 3 3 
120-150 4 4 4 4 
150-180 5 5 5 5 
180-210 _6 6 6 - - 
210-240 7 7 
240-270 8 8 8 
270-300 9 9 - 9 9 
300-330 - 10 10 - 	 - - -B Q1 
330-360 11 11 • .•..•. 11 
360-390 112 ... 12 12 4 
390-420 , 13 1 
420-450 ' 
I 
14 14 4-3 
450-480 s - 15 - 15 
480-510 16 16 16 2 
510-540 17 1 . 17 
>540 18 8 18 
FIGURE 5.8. Segment sets formed by d values between segments 
and bounded within dendogram groups. Sets 1 and 2 are also bounded 
by physical type. 
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The similar abundance of aluminium in each set must be coincidental 
but the lack of variability of concentration within each set 
indicates that aluminium is either insensitive in its reactions 
occuring within the loch water and sediments or else that it is 
effectively physically redistributed so as to eventually achieve even 
distribution. 
Pairs of elements were chosen for comparison by the generation of a 
Pearson's correlation coefficient for segments within a set. 
Elements that are known to undergo similar diagenetic processes were 
grouped and of these one abundant element was used as a "key" element 
against which to correlate the others. The groups will be discussed 
in Chapter 5.7 and Table 5.17 lists the pairs tested and numerates 
those found to be significant (r>.95 or r'-.95). Correlation was 
tested between all pairs of "key" elements. The following significant 
correlations were found Fe-Ti (r=0.999 & 0.994), Fe-Si (r=0.998 & 
0.986), Ti-Si (r=0.996 & 0.995), and Fe-Al (r=ns & 0.984) where the 
figures in parenthesis represent set 1 and set 2 respectively. No 
others were significant. 
An individual concentration within a segment cannot be considered to 
be truly independent of the result for that element found in 
adjoining segments and therefore the correlation coefficients found 
need to be interpreted with care. Groups of elements, affected by 
similar diagenetic processes are discussed in Chapter 5.7. In order 
to broaden discussion during Chapter 5.7, Chapter 5.5, on 
interstitial water, and 5.6, on radionuclide dating, are considered 
next. 
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elements: set: 1 2 	3 4 
Ti - Zr .989 .998 	-- .999 
Ca Sr .993 ris -- -- 
Ba ns ns 	-- -- 
Al -Si ns ns -- -- 
K .981 -- 	 -- .987 
Mg .. 991 -- 	 -- .991 
Fe .984 ns -- -- 
Rb ns .978 	-- -- 
Si - K .994 -- 	 -- •997 
Mg ns .983 -- .975 
Fe .998 -- 	 -- .993 
Rb .993 -- 	 -- .995 
Fe -Mn ns ns -- -- 
Zn ns ns 	-- -- 
Cu ns .992 -- -- 
S ns .975 	-- -- 
As ns ns -- -- 
organic C - S ns ns 	-- -- 
N ns .992 -- .987 
P ns -- 	 -- .972W 
I ns ns -- -- 
Br ns ns 	-- -- 
Cr ns ns -- -- 
Cu .985 ns 	-- -- 
Ni ns ris -- -- 
Pb ns ns 	-- -- 
V ns ns -- -- 
Zn ns ns 	-- -- 
As ns ns -- -- 
TABLE 5.17. Correlation between elements for each 
segment set (ns not significant, -- not tested ). 
5.5. INTERSTITIAL WATER CHEMISTRY 
The accuracy of results presented in this section for the analysis of 
interstitial waters must be carefully considered in light of the 
reservations expressed in Chapter 5.2.2. It is considered that, 
although the absolute accuracy of the determinations may be flawed, 
oxidation-reduction relationships and concentrations relative to 
other segments of cores will have been maintained. It is not the 
intention of this section to provide a consideration of the results, 
but rather to provide data for further consideration in various 
sections of Chapter 5.7, when the solid matrix and interstitial 
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waters may be considered together. 
Cores were obtained during July 1983 and analysed on thawing. Inter-
stitial water was obtained as described in Chapter 5.2.2 and sub-
samples were preserved as indicated. Analysis was undertaken accord-
ing to the methods described in Chapter 9.1.2. These results are 
presented in Table 5.18. In addition a core from Station 39 was 
taken, during April 1985 and treated as in Chapter 5.2.2 for the 
extraction and analysis of interstitial water. Table 5.19 presents 
the results obtained. 






























depth pH S Ca Fe Al As Si02 SO4 PO4 NO3 
water 9.9 3.2-- <0.05--1.8 0.19 -1.53--- 41 0.1 0.2 
0-30 
30-60 9.24 0.18 24.2 3.41 8.72 2.91 1.51 22 8.3 0.1 
60-90 9.2 0.16 3.6 0.10 4.11 1.6 0.75 36 3.4 0.1 
90-120 9.0 0.13 1.1 0.05 0.91 1.44 0.51 32 1.1 '0.1 
120-150 8.66 0.05 1.0 0.05 0.36 1.0 1.54 29 0.7 0.2 
150-180 8.52 0.08 0.6 0.10 0.21 0.65 1.68 34 0.9 0.1 















210-240 7.8 0.06 12.2 0.03 0.22 0.42 1.96 67 0.8 0.1 
240-270 7.96 0.4 14.1 0.02 0.36 0.65 2.19 87 0.8 0.3 
270-300 7.54 0.16 12.1 0.20 0.34. 0.31 1.77 72 1.3 0.6 
30.0-330 7.86 0.18 10.9 0.35 0.31 0.12 3.64 63 0.4 0.3 
330-360 8.2 0.08 13.6 0.37 0.14 0.06 7.28 60 0.5 0.3 
360-390 7.77 0.06 14.1 0.26 0.2 0.06 9.89 56 
















depth 	pH 	S 
0-30 
30-60 	9.35 0.36 
60-90 9.26 0.26 
90-120 9.09 0.11 
120-150 9.02 0.16 
150-180 8.98 0.09 
180-210 8.86 0.13 
210-240 8.53 0.11 
240-270 8.29 0.32 
270-300 7.79'0.36 
300-330 7.81 0.38 
330-360 7.41 0.28 






























mg/i mg/i mg/i 
S 	P 	N 
TABLE 5.18. Analysis of interstitial water for cores taken July 
1983. All determinands are dissolved species defined in Chapter 9. 
(continued over) 
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(c)Station 35. 
depth 	pH 	S 	Ca 	Fe 	Al 	As Si02 504 
30-60 9.36 0.18 2.14 0.62 6.44 1.31 0.75 72 
60-90 9.38 0.15 87.1 5.11 16.1 1.17 0.65 87 
90-120 9.27 0.15 3.1 0.99 2.75 0.8 0.79 61 
120-150 9.14 0.17 1.2 0.12 1.11 1.23 0.88 40 
150-180 9.1 0.24 0.8 0.10 0.86 0.64 3.64 45 
180-210 9.08 0.36 1.7 0.04 0.84 0.66 2.52 31 






































TABLE 5.18. (continued) Analysis of interstitial water for cores 
taken July 1983. All determinands are dissolved species defined in 
Chapter 9. 
depth pH S Ca Fe Al As Si02 SO4 R04 NO3 
water 8.1 0.01. 15.5 0.030 0.0105 0.036 4.11 62 0.04 6.3 





0-30 8.3 0.33 16.1 0.536 2.80 >1 1.82 35 0.01 0.3 
30-60 8.8 0.62 8.0 0.138 1.35 0.36 1.12 29 0.18 0.2 
60-90 8.9 0.20 8.6 0.096 0.91 0.63 1.35 29 0.16 0.3 
90-120 9.1 0.14 6.0 0.285 1.56 0.71 1.12 60 0.03 0.2 
120-150 9.1 0.47 4.8 0.066 0.345 1.06 1.21 41. 0.01 0.1 
150-180 9.0 0.30, 6.3 0.196 0.23 0.75 1.68 82 0.01 <0.1 
180-210 8.8 0.18 8.2 0.026 0.065 0.60 2.29 71 0.01 <0.1 
210-240 8.4 0.14 15.5 0.132 0.24 0.40 4.15 178 0.01 <0.1 
240-270 8.1 0.06 13.3 0.197 0.69 0.77 4.99 124 0.01 0.4 
270-300 7.8 0.06 16.0 0.097 0.225 0.55 6.16 126 0.01 0.5 
300-330 7.6 0.04 10.9 0.181 0.365 0.40 7.89 77 0.01 0.3 
330-360 7.6 0.06 11.2 0.889 0.385' 0.14 10.3 58 0.02 0.2 
360-390 7.4 0.05 16.0 0.145 0.100 0.08 14.0 59 0.01 0.4 
an mg/i mg/i mg/i mg/i mg/l, mg/i mg/i mg/i mg/i 
- Si S P N 
TABLE 5.19. Analysis of interstitial water of core fran station 39 
taken April 1985. All deterrninands are dissolved species defined in 
Chapter 9. 
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5.6. DATING OF CORE PROFILES. 
Material fran the length of core 14 was subjected to 210Pb and 137Cs 
dating. I am very grateful to A.B.MacKenzie of the Scottish Univer-
sities Research and Reactor Centre, East Kilbride, Glasgow for 
carrying out this work on my behalf. 
137Cs was measured directly by '-ray counting while 210 Pb was 
determined byoC-counting of its daughter 210 Po. This procedure 
required dissolution in acid and, after spiking with 208Po and 
removing iron by solvent extraction, the Po was electrodeposited onto 
copper foil. The 210 Po was measured by counting of oC-emissions. 
Detailed procedures are contained in MacKenzie et a1 82 and MacKenzie 
and Scott83 . 
137Cs (T1 1 2 30.23 years) in freshwater occured entirely as a result 
of nuclear weapons testing from 1960-1970 giving a series of deposit-
ional peaks, the most notable being around 1963. Although generally 
considered as a conservative element, a minor proportion becomes 
incorporated in the ill ite fraction of clays by ion exchange of 
potassium (A.B.MacKenzie, personal communication; and others, see 
Swan et a1 84 ) and this fraction is that of interest for the present 
study. The work carried out by S.U.R.R.C. failed to identify any 
peaks, due to the relatively low clay content, high sedimentation 
rate and degree of sediment turbation. 
21 °Pb, a member of the 238 U natural decay series has a half life of 
22.26 years and occurs in water due to the atmospheric decay of 
short-lived 222pn released from decay in rocks, via daughters to 
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21 0Pb which is either "rained out" or dry-deposited. This contri-
bution of 210Pb is 'unsupported' by the parent. It is reported that 
most of the element is removed to the sediment at times of high 
ç -iytoplanktonic activity85 although, in Kinghorn Loch, with such a 
high authigenic input, 'it is likely that other processes also cause 
removal to the sediment. A significant, and other dcininant85, comp-
onent also occurs that is produced in situ by the decay of radio-
active parents in the sediment detrital minerals. This cx)mponent is 
termed the 'supported' fraction. Most models used for evaluating 
dating results rely on compliance with four constraints 84 namely: 
a constant flux of unsupported 210 P 
a constant distribution of supported 210Pb with, depth in 
the sediment 
no post-depositional mobilization of 21 PPb or sediment 
within the sediment column 
a constant rate of sediment accumulation. 
Deviation from these requirements are considered below. 
There is no reason to doubt this assumption, although 
regulation of input fran Glassmount Reservoir will have generated a 
somewhat variable flow from the catchment. 
It is unlikely that the flux of 226  contained in detrital 
minerals (or red mud solids, etc) will present a constant base to the 
dating for both "natural sediment" and the upper sediments but no 
means of evaluating the situation is available at this time. An 
assumption has been made that precipitating calcite will not contain 
any native 226Ra and the correction used under (4) below, of assuming 
the concentration to be inversely proportional to calcium level, has 
been used. 
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In very wet sediments considerable, bioturbation and 
physical mixing occurs 84 while reductive recycling of hydrous iron 
oxides and digestion of organic matter must cause mobilization of 
210Pb within the column-i. Bioturbation will not have been a problem 
in this sediment but at least 70 mm are thoroughly physically mixed. 
The initial concentration of unsupported 21  OPb will be 
inversely proportional to calcium deposition, since calcium deposit-
ion is roughly proportional to the overall accumulation rate in the 
upper parts of the core (see Figure 4.1 0). Below this level the 
relationship does not hold but this is relatively unimportant since 
the level of cacium present is relatively stable and is likely to 
represent mainly shells and non-calcite calcium. 
Figure 5.9 plots the levels of calcium found throughout core 14 
relative to the (supported+unsupported) 210 Pb count data. 
Radioactive decay was expressed in terms of disintegrations per 
minute per g of sediment (dry weigk€), a "count" unit that has been 
abbreviated to d min -1 g. Taking calcium as a measure of charge in 
accumulation rate and dilution of 226Ra, Figure 5.10 shows the 
count 'normalised' according to: 
D 	= DriCi/C 
where for segment i, D ni= 'normalised' count rate, Dri = measured 
count rate, C = calcium concentration, and C = mean calcium 
concentration for 420-560 mm depth. 
Exponential decay curves have been fitted to the figure taking the 
330 mm grey horizon (Appendix C) as representing the onset of 
significant pollution at an estimated date of 1962 (see Figure 4.4).. 
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FIGURE 5.10. Decay of2 ' ° Pb for core 14. 
1 T112  assumlngl962 horizon. 	 - 
2• natural sedimentation rate 1.5 mm yr-i 
Curve {2} was calculated by linear regression analysis on the data at 
S.U.R.R.C. and for a supported level of approximately 8 d min7 g 
represented a deposition rate for the "natural" sediment of 1.5 mm 
yr (A.B.MacKenzie, personal cxxnmunication). Curve {1 } has assumed 
a similar supported level normalised to a "natural'.' deposition rate 
and has been drawn so as to comply with T 1 1 2 22.26 years to a point 
at 330 mm taken to represent 1962 and assuming the upper 200 mm to be 
subject to total physical mixing. The representation in Figure 5.10 
supports a mean sedimentation rate for 1962-1983 of 15.7 mm yr and 
1.5 mm yr for pre-1962. Figiire 5.10 provides further circum-
stantial evidence for considering the top of the grey layer as being 
the onset of significant pollution and must date it at approximately 
1962. Thus taking 21 years of deposition as being represented by 360 
mm of sediment and taking the accumulated deposition from Figure 4.10 
combined with the moisture content of core 14 segments contained in 
Appendix C it is possible to assemble Figure 5.11 showing the mm of 
accumulated sediment over this time period. Initially it was assumed 
that the moisture contents were similar whereby annual accumulation 
was calculated according to 
Di = ADt/At 
where Di = depth accumulated in year i (i= 1962 to 1983), Dt = total 
depth both in mm, Ai = annual accumulation for year i and At = total 
accumulation for 1962-1983, both in g nr 2 yr. 
Since it was known that the upper 60 mm contained 92% moisture wheras 
the remainder of the upper core contained 87% moisture it was 
necessary to apply an iterative technique to bias the upper 60 mm in 
order to minimise error. The upper 210 mm were then averaged to 
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indicate the degree of physical disturbance and these results are 
shown in Figure 5.11. This treatment indicates a deposition in 1962 
of 5 mm of the sediment column (as now is) as against an average pre-
1962 rate of 1.5 inn. This suggests that the 1962 rate is over-
estimated and therefore that the "oligotrophic" level of organic 
Productivity shown in Figure 4.10 is erroneously high, a deposition 
rate of 100 g m 2 yr being more appropriate than 250 g m 2 yr 1 . 
It may be recollected that the original estimate was obtained using a 
mean for productivity in oligotrophic lakes and the rate of 
degradation shown in Kinghorn Loch. It is evident that the phyto-
plankton debris will have been more completely decomposed than in 
later years due to the higher oxidation regime present under oligo-
trophic conditions, and therefore a lower flux to the sediment would 
be expected. 
5.7. MINERAL FORMATION AND ORGANIC DIAGENESIS 
5.7.1. DETRITAL ELEMENTS. 
Titanium and zirconium are generally considered to originate entirely 
from solid detrital input and to be essentially unaffected by all 
subsequent chemical and biological processes. There is only a minor 
natural detrital input to the loch by way of the north inlet water 
and the dominant source of titanium will be from red mud solids swept 
past the settlement pond. From Table 2.7 it will be observed that 
red mud contains 4.9% TiO2 . This is enriched relative to natural 
detritus. Goldberg and Arrhenius 86 found that "very high" natural 
levels 01.15% Ti0 2 ) were almost always associated with basaltic 
debris. Table 3.1 displays the typical analysis of local basalt 
bedrock giving 2.5% Ti02. Even if this material should completely 
weather to impure silica the titanium content would not be greater 
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FIGURES. 11. Projected deposition in mm yr added 
to the sediment since 1962 
than in red mud. Red mud was found to contain an Fe:Ti ratio of 
7.9:1 while for local basalt it was 4.8:1. The lower material from 
core 14 showed a titanium content of 1.17% as Ti0 2 and an Fe:Ti ratio 
of 7.7:1. This material accumulated over a very long time span with 
a slow detrital input. The material is rich in organic debris and 
this will have supplied additional iron to the loch. The titanium 
level is consistent with a basalt source. In the upper part of core 
14 the ratio FeTi was found to be 10:1 and both elements are thought 
to originate almost entirely frcm red mud. The concentration of Ti 
present in the upper parts of cores 14 and 45 would indicate a 
mineral detritus:precipitated material ratio of approximately 1:50 in 
the most recent sediment and approximately 1:10 in the oldest 
segments of the red-brown layer. It was observed in the previous 
section that iron is well correlated with titanium and provides 
further evidence for its detrital origin. 
Chapter 2 suggests that the source of titanium will be ilmenite, 
(FeO.Ti02) intimately intergrown with the abundant hematite. The red 
mud flushed from the tip will be the finest particle sizes and will 
be in close association with detrital clays, probably originally of 
a sodalite type (Chapter 2). Iron is often transported on clay 
mineral 28, particularly at such a high pH. The association is likely 
to be stable with both Fe and Ti able to replace Al in the lattice 87 
in addition to exchangable sodium. 
However it has been shown (Chapter 5.5) that iron is greatly affected 
by the diagenetic environment and reaches high concentrations in the 
interstitial water. This high degree of correlation does however 
indicate that only a small fraction of the iron present is affected. 
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The fate of iron will be discussed later. 
Zirconium is very well correlated in the lower set of the cores b.it 
to a lesser extent in the upper set. The ratio of Ti:Zr is not 
particularly variable. Due to an operational problem, the concentra-
tion of trace elements in the red mud, analysed by a pressed powder 
procedure, was not found and the ratio of Ti:Zr in red mud is not 
known. 
It will be observed from the previous section that Ti is also well 
correlated with Si in both the upper and lower parts of the cores. 
In the lower part silicon levels are high, being 15-22% as Si, and 
are thought to have originated mainly from detrital sources. The 
detrital silica and clay minerals will have originated from basalt 
weathering and are therefore likely to be correlated with titanium. 
However in the upper parts of the cores silicon originated from 
dissolved contributions from the leachate and north inlet water, 
although approximately 20% of the total was provided by red mud 
solids. Silicon levels are variable within this set giving the range 
of 7.2-13.9%. The correlation within the set of segments is part of 
a Ti:Si correlation that exists throughout the upper part of the 
cores. However it is believed that the correlation is caused by a 
near-exponential change in concentration for distinctly different 
reasons. The decline in titanium occurs because of the ever greater 
quantity of calcium carbonate being formed while the detrital input 
remained nearly constant. The hypothesis governing the decline in 
silicon is part of a wider model and is put in Chapter 5.7.3.2. 
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5.7.2. CARBONATE MINERAL ELEMENTS 
Magnesium does not show any correlation with calcium throughout the 
upper red and red-brown layers of the cores. This reinforces the 
findings of Chapter 4.7.1 which concluded that dolomite or magnesium 
rich calcite were not formed in the loch and that most of the 
magnesium was associated with clay mineralogy. It is however 
probable that a small proportion of the magnesium present was held in 
calcite by solid solution. 
Calcite forms solid solutions with various cations including Mg, Mn, 
Fe, and Sr. It will be noted fran Table 5.17 that for segment set 1, 
Ca and Sr are closely correlated whereas Ca and Ba are not. Barium 
was not determined for the aqueous inputs to the loch, but for the 
formation of barite a level of approximately 1 mg 1_1 would be 
required. This is unlikely to have been reached. However the 
occurance of microenvironments, either by release of sulphate during 
sulphide oxidation or within micro-organisms could yèld sufficient 
sulphate to cause deposition of barium sulphate. Figure 5.12 plots 
the relationship between barium and total sulphur in the upper parts 
of cores 14, 39, and 45. Some general correlation is evident 
although it is not linear. By forward reference to Chapter 5.7.5.1. 
It will be noted that most of the solid chase sulphur in the sediment 
is organic. Thus it is possible that any barium may be associated 
with organic sulphur rather than sulphate. However Ba is not 
correlated with organic (or inorganic) carbon. It has been reported 
by Taylor88 that Ba may substitute for K in clays due to their 
similar ionic radii (1.34 R Ba 4 and 1.33 R K). However whereas Al 
is resonably well correlated with K, Figure 5.13 indicates that no 
such correlation exists, in the upper parts of the cores, with Ba. 
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FIGURE 5.12. Correlation of sulphur and barium in upper parts of cores 
FIGURE 5.13. Correlation of aluminium and barium in upper parts of cores 
Thus no definite sink for Ba has been identified, although it is 
likely to be associated with sulphur in organic matter. 
Strontium forms solid solutions with calcite and to a greater extent 
with aragonite and dolanite. Turekian and Wedepohl 89 determined the 
ratio of Ca/Sr in oceanic clays and calcites and Shimmield 26 also 
correlated Sr and Ca in this way for oceanic deposits. Clays were 
enriched with Sr relative to calcites and a positive Sr intercept 
occured (at approximately 300 mg kg) for clays but not with 
calcites. Figure 5.14 . plots the relationship in the upper parts of 
the cores from Kinghorn Loch and excel lent correlation was found with 
an intercept at the origin. Thus Sr is evidently associated with 
calcite giving a formula of Ca 0  996Sr0 oo43•  This is lower than 
the 0.006-0.015 Sr contribution found in oceanic calcites 26. 
The relationship between calcium and inorganic carbon is investigated 
in Figure. 5.15 and this shows a slight deviation fran stoichiaTetric 
calcite at low Ca levels such that a positive Ca intercept occurs at 
2% Ca. This would indicate that, for very low levels of calcium 
only, Ca at 2% of the sediment is associated with clays. Due to 
bunching of the points at higher concentrations this may not, in 
fact, be a real effect. 
As has been indicated previously calcite is rarely pure and various 
impurities occur. Due to the high biological productivity of the 
water it is possible that biogenic apatite may form. Thus some of 
this calcium "excess' may be associated with apatite. This control 
of eutrophication by sedimentation, including calcite formation, was 
covered in Chapter 4.7.5. Additionally calcite may absorb sulphate 
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FIGURE 5.14. Correlation of strontium and calcium 
in upper parts of cores. 
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FIGURE 5.15. Correlation of inorganic carbon and calcium in upper 
parts of cores. 
and alkali metals. These ions are particularly liable to be absorbed 
at rapid calcite growth rates, as occurs in Kinghorn Loch. 
Absorption of sulphate and sodium is linearly related to the rate of 
growth (Busenberg and Pluriiner 90 ). For a sodium content of 10-2  M it 
was found that biogenic calcites could contain up to 0.1% Na. 
Sulphate provided 0.2-2.6 nDl % of anions with a mean for calcite of 
less than 1%. Sulphate was found to significantly reduce the rate of 
crystal growth. Ishikawa and Ichikuni 91 reported similar results for 
the levels of sodium in calcite and suggested that Na and K filled 
interstitial sites in the lattice. 
Additionally it was found that hydroxide was present in magnesium 
calcites and related to Mg content. Negligible hydroxide was present 
in pure calcite91 . The hydroxide is probably present as co-
precipitated magnesium hydroxide. In the most recent sediments of 
Kinghorn Loch it will be seen (Chapter 5.7.3.2) that magnesium is 
substantially enriched relative to Si and Al. At pH 10.3 the loch 
would be supersaturated with magnesium hydroxide (as brucite) and the 
pH may force the co-precipitation of magnesium and hydroxide into the 
calcite lattice rather than generate brucite as a separate phase or 
as a mixed layer clay mineral. 
Samples of loch sediments were taken from cores 12, 14, 16, and 35 at 
60-90 mm depth and at depths representing "natural" sediments and 
also an intermediate position. The samples were submitted to the 
Department of Applied Geology at the University of Strathclyde for 
X-ray diffraction studies. All the samples were found to contain 
calcite and quartz. Calcite diminished with segment depth while 
quartz increased. No other non-clay mineral phases were observed. 
page 133 	 5. LOCH SEDIMENTS  
Analysis of the clay components will be considered in Chapter 
5.7.3.3. 
5.7.3. CLAY MINERAL FORMATION 
It will be observed from Table 5.17 that aluminium and silicon, the 
primary clay forming elements are not well correlated in any part of 
the cores. It is known from X-ray diffraction studies (Chapter 
5.7.2.) that detrital quartz is present in significant quantity in 
the "natural" lower parts of the cores, but only to a very minor 
extent in the upper parts. It is to be expected that correlation 
should be poor in the "natural" sediment. However, upper-core 
material was generated almost entirely from soluble species and a 
correlation would be expected if aluminosil icates were formed. 
Silicon is poorly correlated with organic carbon in both the loch 
water and the sediment. References to Chapter 7 indicate that diatcin 
populations were absent in the loch and that phytoplanktonic 
assimilation of silicon would be insignificant. Other processes 
involving silicon including clay mineral formation are considered to 
be abiogenic and are insignificant in most lakes 21 , although not in 
Kinghorn Loch. 
Silicon was found to be well correlated with potassium for segment 
set 1. However, a wider consideration of the whole of the red and 
red-brown horizons yields a more complex picture. This is illust-
rated in Figure 5.16. Rubidium is similarly correlated and these 
results are shown in Figure 5.17. Rubidium and potassium have 
similar ionic radii (1.48 R and 1.33 R respectively) and would be 
expected to be interchangeable in the lattice. The figures support 
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FIGURE 5.16. Correlation of potassium and silicon in upper parts of cores. 
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FIGURE 5.17. Correlation of rubidium and silicon in upper parts of cores. 
this. Both elements are well correlated for cores 14 and 45 with a 
zero intercept. This indicates that all of the silicon is incorpor-
ated in clay minerals. However at lower levels of silicon in core 39 
both elements are found to be enriched in the sediments. Magnesium 
is a major component of the clays (Chapter 5.7.3.2) but is in reduced 
supply near station 39, while alkali metals, brought in by the 
leachate, are at their greatest relative abundance at this station. 
Thus, away- from station 39, K and Rb will be exchanged out of the 
sedimenting clays by the higher level of magnesium in the body of the 
loch. Figure 5.17 may show separate correlation line slopes for 
stations 14 and 45 and this is likely to indicate a slight difference 
in environment for exchangable ions. 
Drever77 reported that trace metals are adsorbed onto the surface of 
clay mineral s wi-il le Jenny et a1 92 reported the. fbrmation of a basic 
clay anion complex with zinc at high pH. Shimmield 26 considered the 
passive - role of zinc in- redox processes whereby zinc is released fran 
iron and manganese oxyhydroxides and scavenged by zeolite structures 
in the sediment clays. Thus, with the degree of reworking of the 
sediments that evidently occured (Chapter 5.6), zinc should become 
equilibrated with clay content. Zinc does not show any correlation 
with aluminium but Figure 5.18 shows the correlation between zinc and 
silicon in the upper parts of the cores. The zero intercept 
indicates that both are completely involved in clay structures with 
no residual. in contrast Figure 5.18 also shows the lack of 
correlation in the lower part of the cores. 
This close correlation between zinc and silicon requires a clay 
mineral, or closely related suite of clay minerals, to be present 
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throughout the depth of the upper red and red-brown layers. These 
minerals must be present in minor amounts but proportional to the 
total clay content since the ratio of Al:Si in the upper parts limits 
the mineralogy of the daninant phases to those of low ionic exchange 
capacity. Chester et al 3 , in studying the fate of trace metals in 
the smectite fraction of oceanic sediments found that sorption was 
controlled by a small zeolite component (clirioptillite). 
The situation in Kinghorn Loch would require just such an efficient 
scavenger. The zeolite phillipsite (K 28Na08A1 31 Si 1 49036. 121120 ) 
is known to be formed (during diagenesis.) in recent deposits and 
particularly in saline, high pH (>9) shallow basins 94' 95. It grows 
rapidly at or near the mud/water interface for Si concentrations 
below 5 mg 11. It is readily redissolved at depth96 or at higher Si 
concentrations. Because of the rapid growth rate it incorporates 
iron oxyhydroxide and clay minerals, mainly smectites, in its 
structure. Phillipsite is formed fran basaltic material in saline 
sediments and whether it could be synthesised in the loch is unknown. 
Sodal ites also have a very high exchange capacity bet, if brought in 
as red mud solids, would not be present in the required proportional 
abundance to silicon. 
5.7.3.1. CORRELATIONS OF ELEMENTS IN INTERSTITIAL WATER. 
It has been proposed by Berner 97 and Mackin and Aller98 that 
interstitial water chemistry will reflect a local equilibrium with 
matrix minerals at each depth within a core. Mackenzie and Garrels 99 
put forward a theory in 1966 that many detrital clay minerals should 
be readily dissolved and new minerals formed at normal temperatures 
within hours or days, if prevailing conditions of temperature, 
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pressure or chemical speciation were changed. This theory has been 
difficult to test under natural conditions since the authigenic 
component of sediments is far outweighed by detrital input. Mackin 
and A11er 10° set out to test the hypothesis by. consideration of the 
relations between clay-forming ions in the interstitial water of 
nearshore sediments of the South China Sea. It was decided to under-
take a similar examination of interstitial water chemistry for 
Kinghorn Loch sediments. Two distinct advantages exist. Any equi-
librium within the interstitial water chemistry must be evidence of 
very recent authigenic clay mineral production. Also, existing clay 
minerals will be predominantly poorly crystallised (having been of 
recent origin), and the quantity of oxidised iron occuring in the 
sediments is such as to give a significant driving force (during iron 
oxyhydroxide reduction) to aid the dissolution of these clay 
minerals98. Against these advantages must be placed the uncertainty 
of assuming limited diffusion in such wet sediments, and the 
relatively high level of organic matter to be found in the cores. 
Unfortunately insufficient sample was available to analyse for 
magnesium ions, or indeed to obtain a sufficiently comprehensive 
analysis to allow any estimation of localised ionic strength. Thus 
the analyses used are in concentration units and not activities, as 
would obviously be more desirable. Figure 5.1,9 plots dissolved 
aluminium against silicon for the upper horizons of cores 12, 16, and 
35 of 1983 and core 39 of 1985. It will be apparent that a 
significant inverse relationship exists. Harder 101 ' 102 considered 
that where the level of dissolved iron was locally enhanced, high-Fe 
clay minerals, atypical of those occuring in other segments may form. 
Situations where the iron level was >0.5 mg 1 -1 are indicated on the 
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figures but scatter due to this effect is not noticeably significant. 
For equilibrium to exist the aluminium concentration must also be 
related to pH. Figure 5.20 illustrates the inverse relationship 
obtained. Considering the differences in environmental conditions 
found in these cores in terms of reducing nature and particularly 
with regard to the changed elemental supply and pH of the 1985 core, 
the consistency shown by these results is encouraging. It is also 
very likely that the microenvironrients sampled are unstable relative 
to the deeper, more consolidated cores used in other studies 00,  and 
in particular with regard to the oxidation-reduction instability that 
exists. 
It is not possible, without the availability of ionic strength (and 
thereby activity) and of major cation concentrations (particularly 
magnesium) to attempt to quantify these findings. It does, however, 
provide good circumstantial evidence for the rapid generation of 
authigenic aluminosil icate production within these cores. 
5.7.3.2. ?'ODE OF FORMATION OF CLAY MINERALS. 
This section proposes an hypothesis to explain the ratios of clay 
mineral forming elements found in the upper layers of cores 14, 39, 
and 45. Additionally core 39A is also considered. It covers a 
period Of time ranging fran near-neutral pH loch water to a final pH 
10.3, and from a relatively low input of leachate to an input that, 
from Chapter 7, will be seen to have been having an increasingly 
devastating effect on the loch fauna and flora. 
The formation of calcium carbonate within the loch will have 
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gradually increased with an increasing input of sodium carbonate. 
However at some point in time the supply of calcium ions in the north 
inlet became inadequate to deal with the carbonate and the level of 
carbonate formation stabilised. A break occurs in the observed pH of 
the loch (Figure 4.4) between 1978 and 1980 when the rate of pH 
change increased and when the loss of macrophytes became evident. It 
is probable that this time represented the effective exhaustion of 
available calcium.. Figure 5.21. illustrates the concentration of Ti 
and Ca throughout the red and red-brown section of the cores. For an 
increasing supply of carbonate and clay minerals, a constant flux of 
detrital titanium would yield a curve as obtained for cores 14 and 
45. Core 39, being very close to the leachate inf low, will have been 
subject to wide variation in detrital input and receive a dispropor-
tionate quantity of heavier material. Core 39A, in particular, gives 
a distorted picture of detrital input due to the extremely soft mud 
surface. The downward trend in titanium level is matched by a 
general- upward trend in calcium which appears to start to level off 
in the most recent sediments. Figure 5.22 plots the abundance of Fe, 
Mg, Al, and Si in the upper part of the cores. Iron displays a 
similar trend to titanium as may be expected by its basically 
detrital origin. Again the situation is confused in cores 39 and 
39A. 
According to Reyes et al 103  most freshwaters are in steady state when 
the ratio of concentrations Si: (Mg+Al) approximates to unity. Fran 
Table 4.4 it will be seen that the ratio of the elements being input 
to the loch was Si:Al:Mg of 0.3:0.7:1. The (post-depositional) ratio 
at the outlet to the loch was found to be 0.2:1.4:1 (Table 4.5). 
Thus the loch was evidently deficient in silicon relative to. 
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FIGURE 5.21. Concentration of calcium and titanium In upper parts of cores. 
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FIGURE 5.22. Concentration of elements In upper parts of cores 
magnesium and aluminium. The losses calculated in Table 4.6 for the 
period 1981-1983 gives a Si:Al:Mg ratio going to the sediment of 
0.2:0.6:1 indicating that the trend i1lustratd for. core 14 in Figure 
5.22 had continued to accelerate with deposition of Al and Mg, but in 
particular Mg, outstripping that of Si. 
Reyes et a1 103 synthesised clay minerals at normal temperatures and 
pressures frau stepped ratios of Mg:Al for a silica content such that 
Si/(Al+Mg)=1. The syntheses were performed over a range of pH 
values. The Si ratio was higher than observed in Kinghorn Loch where 
Si:Mg ratios of the order of 1:5 were found. The concentration of 
components used were of the same order as those found in the loch. 
The development of the polluted state of the loch may be divided into 
the following four phases. 
Pre-polluted state. It is assumed that the loch will have had a 
chemical speciation similar to the north inlet water, and indeed 
similar to the state that has developed since the removal of the 
leachate. The water, at pH 7.3-8 would have contained 0.25 mmol i 
Si, 0.65 mmol 11 Mg, and 0.0001 mmol 11  Al in solution. At this 
pH, using the thermodynamic data contained in Truesdell and Jones 1° 
it is evident that there is no inclinationto precipitate any hydrous 
magnesium silicates. 
Early develo pment of the polluted state. 	The introduction of 
only 0.01 mmol 1 -1 Al would result in the solubility product of 
several aluminosilicate minerals being exceeded at pH 8.5. Reyes et 
found that at pH 8 clays formed with an elemental ratio of 
Si:Al:Mg of 40:0.4:1 at Mg/Al=100 and with a ratio of 8:2.2:1 for 
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Mg/Al=5. The ratio found in the lowest segments of the red-brown 
layer in Kinghorn Loch was 5.7:2.1 :1 for core 14 and 4.1:1.6:1 for 
core 45. This compares very well with that reported for the experi-
mental ratio for an input of Mg/Al=5 given the lower Si content of 
the loch water. It is apparent from Reyes et al l  ° 4 that at this pH 
clay minerals of the class palygorskite or beidellite are likely to 
be formed. Ina magnesium rich environment provided by a slightly 
elevated pH, the development of mixed layer clay minerals, 
particularly of chiorite-montitorillonite, becomes more likely and 
important (Weaver & Pollard 105 ). 
(3) Maximum development of the polluted state that is indicated in 
the sediments. Because of the excessive wetness and-considerable 
reworking of the most recent sediments the uppermost segment of the 
cores has not normally been included in this consideration. Thus the 
core record will have ceased-a some time before 1983 and will, in any 
case, due to reworking, represent a mean position over a period of 
time. It will not represent the apex of development of the polluted 
state. Reyes et a i103  noted that at higher pH levels Mg became more 
abundant in the precipitate relative to Al and that both elements 
increased relative to Si. Thus for a SiA1:Mg ratio of 2:1:1 it was 
found that a precipitate formed which, on aging, gave a ratio of 
5:3:1 at pHlO and 1.6:0.9:1 at pHil. The element ratio initially 
present in the loch water at pH10.3 was S.i:Al:Mg of 0.3:0.7:1. The 
ratio found in the sediments was 0.9:1.2:1 for core 14 and 1.9:1.3:1 
for core 45. These ratios are similar to those reported by Reyes et 
103 when consideration is given to the somewhat different input 
concentrations. Further, during the formation of chlorite-
montmoril lonite mixed layer clay minerals, brucite [Mg(OH)21 layers 
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may form between the smectite layers by a process that would be 
progressive with pH1 05,  because of the increasing insolubility of 
brucite and because of the relative electoxsitiveness of brucite in 
maintaining minimum charge and therefore volume to the mineral. 
Weaver and Pollard' 05  report that individual mixed layer do not form 
but rather that the process is continuous comprising all possible 
ratios. 
The upper segments of cores 39 and 39A, due to thorough reworking, 
will consist of the redistributed product of several years of clay 
mineral formation. However this redistribution would have allowed 
the clays to re-establish equilibrium with the increasing pH and to 
form a more uniform sediment, equilibrated to pH 10 or higher, than 
would be found in cores 14 and 45. The ratios in cores 39 and 39A 
are remarkably consistent. For material taken from the 30-180 mm 
horizon in core 39 the ratio Si:Al:Mg was 0.94-1.11:0.61-0.71 :1 and 
for the 0-660 mm horizon of core 39A it was 1.04-1.07:0.59-0.71:1. 
These ratios contain a high Mg relative to Al and Si and is indica-
tive (Reyes et all 3)  of a precipitating environment with a pH in 
excess of ii. In the immediate vicinity of this station such an 
elevated pH has been observed. 
(4) Apex of development of polluted state. As has been stated an 
acceleration in the rate of increase of loch pH occured from 1978 
onwards. Given the levels of Mg in the loch water, then at pH 10.3 
the solubility product of brucite (as given by Truesdell and Jones10 ) 
is exceeded. 	In addition, the solubility product of several 
magnesium silicate minerals such a sëpiolite and talc are exceeded 
and, dependent on kinetic considerations and the supply of silica, 
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either brucite or hydrous magnesium silicates may form in addition to 
possible mixed layer clay minerals. 
According to Reyes et a1 104 it is likely that a palygorskite series 
mineral would form under similar conditions to those observed. 
However such a series would require a higher ratio of Si to be 
present. Grimm 106 gives an ideal cell composition for end member 
attapulgite of (OH 2 ) 4 (OH) 2Mg5Si8O20.4H20 where 1.5 atoms of Mg may be 
substituted for 1 of Al. Also some substitution of Al for Si is 
probable. However this author considers that extensive lattice 
substitution is not possible without ensuing structural weakness. 
Thus it is evident that for the situation at or just below pH10.3 the 
observed elemental ratio cannot be explained purely in terms of 
magnesium aluminosilicate mineral formation and must represent the 
generation of a mixed mineral composition. For situation (4) above 
silica deficiency is even nre pronounced. 
However, in a study of authigenic mineral formation, Mackin and 
Aller10° proposed that high aluminium clays, of dioctahedral chlorite 
type, were being formed in nearshore sediments of the South China 
Sea. They proposed a formula of EX 91 Mg 77A15Si2 7°l 0 (OH)8 , where EX 
is an exchangable cation. Swindale and Fan 07 reported the formation 
of authigenic dioctahedral chlorite on detrital gibbsite [Al(OH) 3 ] in 
sea water. Chlorite is interpretted as being a product of early 
diagenesis of iron oxyhydroxide1 oo. However trioctahedral chlorites 
are probably more stable at pH values in excess of sea water although 
stability field data is not available 100. According to Weaver & 
Pollard105 magnesium substitution of aluminium in octahedral sites, 
and aluminium substitution of silicon in terahedral sites is allowed, 
Th 
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suh as to give a general formula for dioctahedral chlorites of 
EXMgAl 44_ +ySi4 _yO1 0 (OH) 8 where e monovalent cations or e/2 
divalent cations balance the ionic charge. 	Thus this mechanism 
provides a possible low silica phase with excess magnesium going to 
brucite at very high pH. 
Taking the data for losses to the sediment contained in Table 4.6 it 
is apparent that the ratio is Si:Al:Mg of 0.2:0.6:1. This ratio is 
based on several assumptions and approximations as to flow regime and 
original water chemistry and will not be very accurate. Also 
elements going to the sediment will be considerably affected by the 
associated precipitation of carbonate mineral and the high flux of 
organic material. 
5.7.3.3. STRUCTURE OF CLAY MINERALS 
I am grateful to Professor M. Russell of the University of 
Strathclyde Department of Applied Geology for work carried out by his 
department on my behalf. The following freeze-dried samples were 













Small quantities of clay minerals were found and attempts were made 
to concentrate these. Treatment with 10% hydrochloric acid appeared 
to destroy a significant amount of clays, but 10% acetic acid was 
found to conserve them and allow concentration. Two clay canponents 
were found. A ccntponent at 7-8 R was unaffected by glycolation and 
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rendered amo±phous by heating to 600 °C. This behaviour is typical of 
non-expanding clays such as kaolinite which gives a peak at 7.15 . 
The other component was situated at 14-15 R. This peak moved to 
15.79 R on glycolation and to 13.33 R on heating to 300 9C. The 
behaviour is typical of an expanding clay. It is not known whether 
the structures found relate to detrital inputs or to crystalinity 
formed within the loch. The depositional time-scale is so short that 
the former source must be considered more likely. 
5.7.4. ORGANIC CARBON AND RELATED ELEMENTS. 
5.7.4.1. OXIDATION-REDUCTION PROCESSES. 
Supply of organic carbon to the sediment arrived by two routes. A 
small component of 10-40 g m 2 yr (as CH 20) occured by way of 
dissolved humic material in the north inlet water, combined with an 
indefinable, though probably small, contribution from macrophyte 
debris, ground seepage and tree-leaf detritus (see Chapter 4.7.4). 
The major component however, some 200-300 g m 2 yr (as CH20), was 
autochthonous, the debris of high level production by phytoplanktcri. 
Most of the labile phytoplanktonic debris is recycled within the 
water column (see Chapter 4.7.4) and the detritus reaching the 
sediment is found to be enriched with organic carbon relative to 
nitrogen and phosphorus. At times, when deeper waters became anoxic, 
more of the relatively labile material will have reached the 
sediment. Aerobic digestion at the mod-water interface is highly 
efficient but for Kinghorn Loch this process should have been 
limited, the sediments being so reducing as to allow only anaerobic 
digestion (see Table 5.9). 
The ratio of organic C:N is indicative of the 'refractory' nature 
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(i.e. degree of humification) of the organic component and Figure 
5.23 illustrates the ratios found for cores 14, 39, and 45. Fresh 
phytoplanktonic protoplasm contains C:N ratio of 5.7:1 (chapter 
4.7.4) while for water soluble humic colloids fran peat (dopplerite) 
C:N is 46-52:1 and for Sphagnum is approximately 35:1. Degens and 
viopper 08 consider in detail, and by diagramatic illustration, the 
structure and sorptive processes occuring through humic compounds and 
should be referred to for further information. Humic material is 
considered to dominate for C:N >10 (Wetzel 21 ). 
For core 45 the ratio is initially low indicating the freshness of 
material due to the shallowness of the water at this station. 
However within the upper 120 mm some 30% of the organic matter is 
lost and the C:N ratio increased to 12, which is higher than attained 
for core 14, indicating more comprehensive degradation. A check on 
Table 5.9 indicates that the upper 10-20 mm. of core 45 remain reason-
ably oxic in character. The C:N ratio within core 39 is high and 
considered to be caused by detrital humic material being brought in 
with the leachate rather than by phytoplanktonic contribution. The 
drop in ratio with depth is indicative of a more natural condition 
prevailing at this station in the pat. The situation for core 14 is 
one of little change. Even though analysis of the 0-30 mm was 
available there is no indication of fresh phytoplankton debris being 
present. However cores 14 and 39 both lose sane 15% of their organic 
carbon content within the top 60 mm. Thus it is evident that organic 
debris was extensively degraded before reaching the interface within 
the deeper parts of the loch. 
Bacterial populations are responsible for the degradation of the 
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FIGURE 5.23. Ratio of C:N down cores. 
organic material and are found in greatest numbers at the mud-water 
interface 21 . As saprophytic bacteria decrease rapidly. with depth in 
the sediment it is considered that assimilable organic material also 
decreases rapidly. Processes in the sediment increase greatly in 
rate with temperature 21 . 
Under anaerobic conditions an electron acceptor is required in order 
to drive the degredation. Several exist in the system under 
consideration including abundant Fe(III) and sulphate and a certain 
amount of nitrate. Carbon dioxide is also available as a result of 
methane production. The following half cells may be identified, with 
due regard being given to daninant speciation at pH 10, and values of 
the equilibrium constant, K, are given for 25 0C: 
1/5•NO(aq) + 6/5.H + e1/10.N2 ( g ) + 3/5.H20 	log K = 21.03 
1 1 8•NO( aq ) ~ 5/4.H' + e 1I8NH4j(q) + 3," 8 20 	log K = 84.95 
1 / 8 .SO aq ) + 9/8.H + e 	1 /8 .HS aq ) + 1/2.H20 	log K= 24.0 
1/8.0O2(g) + H + e .- 1/8•CH4(g) + 1/4.H20 	 log K = 16.34 
1/2.Fe203(C) + 3H'' + e —. Fe q) + 3/2.H20 	 log K = 63.29 
It is generally found that the order of these processes occuring in 
marine waters at neutral pH tends to be nitrate reduction, followed 
by sulphate reduction and methane generation (Richards1 09)•  Concen-
trations of species listed above will be in a similar relative order 
in the initial composition of Kinghom Loch interstitial water and 
the order may therefore be expected to be similar for the loch. pH 
has a similar effect on these reactions and at pH 10 the reaction 
order will remain22. However the Eh at which these reactions occur 
are greatly reduced at pH 10. Nitrate21 and sulphate11 0  reduction 
processes are indicated by the following. reactions. 
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5(0120)106(3)16H3PO4 + 424NO 
212N2 + 31cD2. + 499HOJ + 5H2PO + 80NH + 243H20 
(2)106( 13)16H3Po4 + 53SO 
= 380D2 + 68HD + 53HS + 1 6NH + H2PO + 38H20 
Nitrate reduction occurred in core. 39 taken during 1985 where the 
interstitial water contained <0.1-0.3 mg 1-1 compared to 6.3 mg 1 	N 
in the water body. During 1983 nitrate content of the water body was 
so low (0.2 mg as to indicate either total assimilation to the 
biomass or prior denitrification. Table A.10 indicates that a 
complex situation existed with low levels in the water body and 
elevated levels at the mud-water interface due to nitrate release. 
Sulphate reduction is not exhaustive in the interstitial waters and 
only up to 50% has been removed by reduction, even at the lower pH 
values found in the upper parts of core 39 in 1985. In fact, Figure 
5.24 indicates a lack of uptake of sulphate by organic material, even 
though over the, same period sulphate levels in the loch water will 
have increased. Ingvorsen et all 11  found that considerable reduction 
of sulphate occu?ed in Lake Mendota, Wisconsin, at the interface 
where a level of 6 m 1 -1  S was turned over in 10-24 hours. These 
workers found that sulphate did not readily utilise fatty acids. 
Kuivila and Murray 2 found that sulphate reduction occurred in narrow 
hands in the sediment separated by diffusion zones and found that in 
Lake.Washington sediments the C:N ratio fell from an initial 3.9 to 
>14 at 500 m. They found that alkalinity increased with depth and 
that this was related to ammonia production and the reduction of 
iron. The top deposits were very nitrogen rich, unlike in Kinghorn 
Loch, where the generation of ammonia would be much more limited. 
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A major process for the removal of large quantities of organic matter 
is by methane fermentation which generates quantitative amounts of 
carbon dioxide and methane by internal electron transfer processes 21 . 
The process occurs within a highly reducing microenvironment and so 
may bypass Eh priorities. The reaction is represented as follows. 
(20)106(3 16H3lO4 + 53H20 = 53HW3 + 53cH4 + 16NH +HPJ + 39H4 
The initial reaction is by hydrolytic rearrangement to fatty acids, 
70% of which is acetic acid, followed by further rearrangement to 
break the molecule to carbon dioxide and methane. Higher hydro-
carbons are not generated by this process 22 . The energy released 
generates cell material. Methane production is often so great as to 
cause escape to the water body where most is recycled by methane 
oxidising bacteria. During 1984, when the loch waters became very 
clear, gas production within the shallow sediments was evident. This 
process recycles ammonia and phosphate and generates small quantities 
of hydrogen. A wide range of organic hydrogen donors or hydrogen may 
reduce the liberated carbon dioxide to methane. 
Cellulose is also readily decomposed by this process but the acidic 
fermentation products are found to inhibit bacterial metabolin 2 . 
This may be offset to some extent by the ammonia produced. It Is 
common for very low pH values to develop in the sediment 22 . In 
Kinghorn Loch this generation of acidity has two effects. Calcite is 
immediately dissolved to release calcium and bicarbonate ions into 
the interstitial water. Material coated onto, or enclosed within the 
calcite will be released issuing iron, phosphate and arsenic, from 
hydrous iron oxides and silica and aluminium from clays. Dissolved 
iron will be liable to reduction and form FeS or FeS 2 with HS 
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released from organic matter or by sulphate reduction. This 
reduction in pH associated with increases in interstitial concentra-
tions of the above mentioned determinands is seen throughout the data 
illustrated in Tables 5.18 and 5.19. The reduction in pH may locally 
bring into operation lower priority electron acceptors and cause a 
range of reactions to be occuring within the sediment at similar Eh 
values. Thus it will be seen that reduction of organic matter 
provides the pool of electrons necessary to drive these mobilization 
reactions in the sediment. 
For a eutrophic lake the release of methane and hydrogen from the 
sediments may further deplete oxygen levels thus allowing more 
organic material to reach the sediment and thereby increase gas 
production further21 . Most of the products of, reduction processes 
are dissolved species (e.g. NHX, H 2 PO), or gases (e.g. N2, OD  21 CH4) 
while other components become fixed (e.g. FeS,Fe3 2, humic compounds). 
In this way sediment mass is reduced and diffusion pathways may be 
improved. Humification causes a >50% reduction in the organic 
mass 21 and acidification during methane production may reduce the 
mass of calcite. The release of dissolved organic matter to anoxic 
water layers may become measurable 21 . Nitrogen and phosphorus are 
released into the water body, although much of the phosphorus will be 
redeposited by reoxidation of iron. Between pH 8-9.5 sorption onto 
clays and hydrous iron oxides occurs readily but toward pH 9.5 
increasing quantities of phosphorus escape due to the increasingly 
negative surface charge developing on the substrate. Above pH 9.5 
release is reported to decrease rapidly and Martynova 113 postulated 
that phosphate would co-precipitate with acid-released calcium ions 
to form basic calcium phosphate precipitates. 
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Renbilised phosphate is known to diffuse from considerable depths in 
the sediment (>100 irm) 2 . Macrophytes are very efficient recyclers, 
and excrete phosphate frai roots and leaves 14. Although data for 
phosphate is incomplete it is evident from Table 5.18 that the level 
of soluble phosphate in material liable to turbation (8.3 mg l for 
core 12) is greatly in excess of that found in the water body (0.1 n 
and recyling obviously occured. Activity in the samples taken 
in July 1983 is greatest in the top segments whereas the core taken 
in April 1985 shows a more general activity throughout the area of 
changing pH and is probably related both to the pH profile and the 
less reductive environment indicated by the Eh*  profile (Table 5.9). 
In conclusion it must be considered that although Kinghorn Loch 
sediments are moderately rich in organic matter and abundant in 
electron acceptors, particularly Fe(III) and sulphate, and that Eh * 
values were very low, reduction processes were not carried to 
completion. Total exhaustion of iron and sulphate and gross 
production of sulphide did not occur, unlike that reported for many 
other Two factors appear to restrain the processes, 
the first being the high initial C:N ratio found, indicating a higher 
degree of humification, perhaps due to slower settlement rates caused 
by surface charge effects. Secondly the highly buffered, high pH 
value of the interstitial waters would demand a much lower Eh in 
order for reduction to occur. 
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5.7.4.2. HISTORY OF DEPOSITION. 
Figure 5.24 suggests that a complex series of events have led to the 
development of the organic profile shown in the cores. The 
hypothesis which follows attempts to explain the evident peculiari-
ties in elemental distribution. The physical zones are used to 
divide the events. 
(1) Dark grey-black fibrous material. 
The quantity of organic material being deposited during this period 
was small compared to later years as the rate of deposition was very 
low (see Chapter 5.6). The body of the material consists of degraded 
plant remains and shells and will have been derived mainly from 
terrestrial sources and littoral macrophytes. These materials will 
have been richer in sulphur than the later phytoplanktonic debris. 
C:S ratios in this zone vary from 3:1 to 10:1 with a mean of 4:1. 
Degraded marine sediments contain a mean ratio of 2.8:1 (Berner1 15) 
while for lakes the ratio varies according to sulphate level from 
1.4:1 if sulphate rich to )if sulphate poor (Nriagu and. Soon 116 ) 
with sulphur inclusion becoming significant for sulphate-S levels in 
the water of >5 mg 1-1 . The level of carbon and sulphur is found to 
increase towards the upper boundary of the zone and probably 
indicates an increase in macrophyte growth due to the rich supply of 
nutrient phosphorus being provided by the infant flow of leachate. 
However the C:S ratio remained of the order of 3:1 despite the 
increase in sulphate supply. Thus a period of prolific macrophyte 
growth would be seen with a subsequent increase in organic nutrients 
and carbon in the sediment. Ultimately however this eutrophication 
leads to an increase in plankton at the expense of littoral 
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macrophytes 21 and in Kinghorn Loch this change would have been aided 
by toxic effects, which by 1983, had caused a virtual absence of 
macrophytes in the loch. 
(2) Fine grained grey zone. 
The colour of this zone presumably indicates the presence of abundant 
mineralised sulphur. It is unfortunate that time has not allowed a 
thorough examination to be carried out. The texture is similar to 
that above it, and with the exception of a few shells, shows little 
similarity to the material below. However the chemical character-
istics of this material are similar to that below and not to the 
physically similar material above. This statistical similarity must 
reflect the gross level of organic elements and iron that occurs 
here. The maximum levels of sulphur, carbon, and nitrogen are found 
in this zone and is indicative of a prolific flora, but few plant 
remains exist. It can be postulated that by this time the littoral 
supply had been superceded by a mixed planktonic community, much more 
diverse than in later years. Detritus of zbopiankton and benthic 
invertebrates may have maintained a varied elemental input for a 
time. Also a rich bacterial population would continue to work the 
organic material below and cause redistribition into the upper" band. 
Wetzel 21 considers that this humification process results fran the 
bacterial redistribution of sulphur, virtually all of which is assim-
ilated by the bacteria before being used to form C-S bridges during 
humification. Sulphur mineralisation will have occured in the newly 
created, more reductive surf icial sediment at near-neutral pH and 
slightly positive Eh values 21 . The sediment of sane eutrophic lakes 
such as Lake mendota, Wisconsin, appear to contain negligible quanti-
ties of pyrite while organic material accounts for >45% of sediment 
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sulphur117 . This is possibly because of the loss of hydrogen 
sulphide from-the sediment at neutral pH. Berner 8 states that 
sulphur mineralisation only occurs to any significant extent near the 
mud-water interface and not far below. Thus a modest covering of 
less organically rich sediment at higher pH would result in a drop in 
mineralisation. Station 39 will have seen the most dramatic effects, 
since considerable macrophyte growth occured in this area at one 
time, whereas station 45 is close to a grassy hillside with rocky 
shores. This isolation, from the main sources of material for rework-
ing may have prevented the development of a grey zone in core 45. 
Red-brown fine grained zone. 
Inclusion of sulphur into the sediment decreased rapidly and the 
existence of sulphate and iron(III) in this zone probably resulted 
from the difficulty of initiating reductive processes at the high pH 
that was developing. It also appears that plankton debris, by this 
time apparently restricted to Oscillatoria, seems to have been low in 
sulphur but rich in phosphorus. The sulphur content of biota varies 
from 0.02%-2% relative to carbon content with a mean of 0.08%21 and 
"algae" found in Lake Windermere' 1 contained 0.02%. Nriagu 7 
reported 0.8-1.0% sulphur (of total dry weight) in macrophytes of 
Lake Mendota with 0.65% in combined plankton. 
Red thixotrophic zone. 
This zone represents the physically mixed material and is the site of 
most of the active reduction processes. Its origins would have been 
similar to that below it. 
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5.7.4.3. CORRELATION BETWEEN ELEMENTS. 
Considering the different sources of organic material that has gone 
to create the sediment, and the different processes at different pH's 
that have created its degradation, it is. not surprising that none of 
the elements are found to be correlated in the upper parts of the 
cores (Table 5.17). The correlation of organic carbon with copper 
will be examined in Chapter 5.7.6. Figure 5.24 illustrates that 
phosphorus increased to a plateau in recent times while carbon and 
nitrogen, which show a reasonable correlation overall, decreased to a 
plateau while sulphur decreased sharply. The overall correlation of 
carbon and nitrogen will be due to their association in the 
hum! fication process. 
Phosphorus may take part in other reactions leading to its deposi-
tion, such as sorption onto clay minerals and hydrous iron oxides as 
well as phosphate coating on calcite. Figure 5.25 shows scatter 
diagrams for the relation between phosphorus and various other 
elements in the upper parts bf the cores. It will be noted that no 
correlations exist in any instance. 
5.7.5. IRON AND REIX)X SENSITIVE ELEMENTS 
Goethite or hematite crystalinity has not been observed in the loch 
sediments even though the red to red/brown colour of the upper 
sediments is indicative of the presence of minerals with Fe(III) 
predaninating , such as iron oxyhydroxide or ferric smectites. The 
level of iron in the sediment is approximately 2.5% and should be 
adequate to allow the determination of any crystallinity present. 
However, if only the finest particles of the red mud were washed into 
the loch then the mineral may have been in an amorphous state. Also 
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any alteration during deposition, such as incorporation in phytoplan-
kta-i, would destroy the crystallinity. However, the Fe(III)-Fe(II) 
reaction in smectites is reversible (Russell et.a1 120 ) and it is 
energetically more .favourable for ferrous ions to be incorporated in 
clay mineral structure than ferric ions37. Thus on the reduction of 
hematite, ferrous ions may be incorporated into clays only to be 
oxidised to the ferric clay structure. Mackin and Al ler98 and others 
consider that such substitutions would be unstable during the forma-
tion of minerals such as cc -FeS or pyrite. Hover, Mackin and 
Aller10° do consider that lattice replacement may well occur for 
residual ferrous ions at deeper depths in sediments if the sulphur 
supply is sufficiently restricted. Mg2 appears to be enriched in 
the clay mineral phase of these sediments relative to marine situa-
tions and by consideration of Tardy and Garrel s37 it appears that the 
replacement of Mg2 with Fe2 would be favoured. Russell et a1 120 
have suggested that only 10% of the iron in smectites needs to be 
reduced to cause a colour change to grey or grey/green. 
It is evident from Garrels and Christ9 that hydrated iron oxides are 
increasingly stable under reducing conditions as the pH of the 
solution rises. Several reactions have been considered below using 
standard free energy values taken from Stumm and Morgan 8 , except for 
-FeS obtained from Garrels and Christ 9. The reactions have 
considered only the precipitated forms of iron in order to avoid any 
conjectored concentration for Fe 2t Hematite has been used but 
goethite would yeild very similar values. The activities of 
carbonate, sulphate, and silicate have been taken from the three year 
mean concentrations in the loch water (Table A.5) combined with 
activity coefficients calculated from the speciation model (Chapter 
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6). This consideration does, of course, assume the presence of a 
suitable electron donor half cell. Ion activities used are: 
ion 	 activity 
2.6x10 3 
S02- 	 7.7x10 4 
H4Sj0 	4.3x10 5 
Then for 
Fe203( c ) + H20(1) + 2Haq) + 2e 2Fe(OH)2( c ) 
the standard free energy of the half cell reaction is 
LOIFO =FFe2O3 AH2O - 2 AFFe (OH)2 
= -6.68 kJ moi 
and from E0 =F0/n'3,  where n. = no. of electrons participating in 
the reaction and 3•= 96.49 kC mol, the standard half cell potential 
E° = -0.0346 volts 
Then the half cell oxidation potential 
Eh = E0 .+ [ RT ln(product oxidised/reduced activities) ]/n 
where B = 0.008314 kJ 	 and T = - 285 K 
so Eh = -34.6 - 56.5pH (in-mV). 
Similar expressions may be found for the following transformations, 
with Eh in mV and the material state taken as crystalline, liquid or 
aqueous as appropriate. 
Fe203 + H20 + 2H + 2e Fe(OH)2 
Eh = -34.6 - 56.5pH 
3Fe2O3 + 2H +2e 
	
	2Fe3O4 + H20 
magnetite 
Eh = 177.6 - 56.5pH 
Fe203 + 2cXJ + 6H + 2e 2FecD + 3H20 
siderite 
Eh = 1277 + 56.5 log(Q0) - 169.5pH 
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FeO + H4SiO + 2H + 2e5Fe2SiO4 + 31120 
fayalite 
Eh = 163 + 28.3 log(H4SiO4 ) - 56.5pH 
Fe203 + 2S0 + 22H + 18e2FeS ~ 111120 
Eh = 337 - + 6.3 log(S0) - 69.1pH 
Fe 203 + 4S0 + 38H + 30e 2FeS7 ~ 19H20 
pyriEe 
Eh = 382 + 7.5 log(S0) - 71.6pH 
These findings are represented in diagramatic form in Figure 5.26. 
Note that the, curvature of the siderite phase below pH 10 is 
illustrative only, as the carbonate equilibrium was not recalculated 
for lower pH values. - 
It is evident from the figure that hematite is a stable phase at 
-250 my for pH 8.5 and above. Eh
* 
 values more negative than this 
occured below 30 mm (approximately) in the sediments during 1983 
(Table 5.9). Interstitial pH values for the upper parts of the cores 
remained above or around pH 8.5 in all instances (Table 5.18). 
Interestingly, a lower. pH appeared at the position in core 16 where a 
grey horizon occured, indicative of pyrite formation. It was not 
possible to quantify Eh*  below -250 mV but it is evident that 
although hematite (or ferric clay minerals) was stable above the grey 
zone, reductive processes were occuring, as evidenced by the lower 
sulphate values in the interstitial waters and the existence of 
significant levels of dissolved iron, aluminium, arsenic and calcium 
(see later sections). 
In core 39 taken in April 195, pH values of interstitial waters were 
found to have remained elevated despite the drop in loch water pH 







FIGURE 5.26. Stability of iron(II) minerals relative to hematite for 
concentrations found in Kinghorn Loch interstitial water (at 1 0 2 C), 
(see Table 5.19) while the Eh*  profile gave results consistently 
above -180 mV (Table 5.9). However, reductive processes were still 
occuring, albeit at a less intense level. This indicates the exist-
ence of reduction microenvironments where the Eh values must locally 
be well below those indicated. 
Wetzel 21 states that within a freshwater lake1 sulphur is generally 
supplied by biotic activity, with much of it originating fran atmos-
pheric input. He estimated the mean aquatic supply to be approxima-
tely 4 mg 11 as S. In marine situations, sulphate reduction is 
responsible. In Kinghorn Loch it is evident that sulphate reduction 
should be the main source of sulphur to the sediment, although it 
will be seen that organic sulphur was also significant. As explained 
in Chapter 5.7.4.2 this does not appear to be the case with limited 
sulphur being mineralised. 
5.7.5.1. ESTIMATION OF IRON SULPHIDE MINERALISATION 
Using the method of Davison & Lishman 21  freeze-dried sediment was 
used to determine the acid volatile sulphur (A.V.S.) component of 
each segment. The reported procedure involves the addition of acid 
to 20 mg wet weight Of sediment, held in a 20 an 3 syringe, by way of 
a three-way tap. The acidified sample is incubated at 95 0C for 2 
hours and the evolved gases (and acid solution) passed, via the tap, 
through a filter into a syringe containing zinc acetate solution. 
The sulphide present is determined by colorimetry. Modifications 
were required in order to a 1 low for the highly calcareous nature of 
the sediments and these are described in the procedure below. The 
method allowed the determination of 12 samples each day. The 
analysis of 4 replicates of core 39, 150-180 mm, indicated that 
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reproducibility was better than 5%. 
Having estimated A.V.S. by this means it became evident that this 
form of sulphur, mainly as FeS, comprised only a snail proportion of 
that present. The scheme of analysis proposed by Zhabina and 
Volkov 122 was employed to determine the forms of sulphur occuring. 
The scheme required more than one day per sample and it was decided 
to concentrate effort on looking for pyrite in particular, at an 
horizon that would indicate authigenic production. The 60-90 mm 
depth was chosen for cores 14, 39, and 45 while red mud was screened 
for detrital pyrite content. It was decided not to differentiate the 
forms of organic sulphur from elemental sulphur as the process was 
very time consuming. A.V.S. was measured as a check on the syringe 
method. Agreement was reasonable with results found to be 48/41, 
20/32, and 15/16 (mg kg-1 dry weight) for Davison/Zhabina procedures 
for segment 60-90 mm of cores 14, 39, and 45 respectively. 
(1) ESTIMATION OF A. V. S. BY .METHOD OF DAVISON AND LISHMAN 
APPARATUS 
Required for each sample: 
2x20 an3 and lxi an3 }xrosilicate glass syringe with Leur fitting. 
In-line 25.mm diameter filter holder containing 5um cellulose 
III,, 	Pr011;r 
Disposable 3-way plastic tap. 
Spectrophotaiieter fitted with 10 mm flow-through cell. 
Oven at 600C. 
/ 
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Hydrochloric acid 5.93 M 
500 an3 concentrated hydrochloric acid diluted to 1 1 
Zinc acetate solution 
5 g zinc acetate + 1.25 g sodium acetate dissolved in water and 
made to 1 1 
NN-diethyl-p-phenylenediamine sulphate (DPD) solution 
2 g of the salt dissolved in 100 cm 3- 50% v/v sulphuric acid and 
made to 200 ad with water 
Ammonium iron(III) sulphate solution 
18 g NH4Fe(SO4 ) 2 .12H20 dissolved in water and made to 200 
Sodium sulphide standard solution 
2.5 g (dry) sodium sulphide dissolved in 1 1 water. The 
solution was standardised by iodine titration (Chapter 9). 
METHODOLOGY 
Approximately 200 mg freeze-dried sample was placed in the centre of 
a 100x25 mm strip of aluminium foil curved so as to easily fit inside 
the barrel of a 20 an 3 syringe. The foil was placed into a weighed 
barrel and tilted to deposit the sample at the base of the syringe. 
The foil was removed so as to avoid fouling the sides of the barrel 
with sample... The barrel was accurately reweighed to determine sample 
weight. A plunger was fitted to the syringe barrel so as to allow 
the minimum of air space and, using a 1 cm 3 syringe connected via a 
three-way tap, 0.5 an 3 of hydrochloric acid was added. The syringe 
plunger was allowed to push out to a gas volume of -up to 10 cm 3 . 
When gas evolution had ceased (approximately 20 mm) the syringe was 
connected, via the tap to another syringe containing 20 cm 3 zinc 
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acetate solution and the excess gas bubbled into it, being careful to 
avoid the transfer of liquid or solids. After 10 min the syringe was 
separated and each closed off with a three way tap. The gas 
contained above the zinc acetate solution was expelled to atmosphere. 
The acidified sample was heated at 60 0C for 30 mm. After cooling 
the syringes were reconnected and the zinc acetate solution passed 
into the acidified sample. The sample syringe was connected via the 
tap through a filter membrane to an empty 20 cm3 syringe, and the 
solution passed through the filter into this syringe. The volume was 
checked to be 19-20 cm 3 . Using a 1 cm3 syringe, 0.5 cm3 of DPD 
solution was added and the syringe inverted several times. After 
2 mm, 0.5 cm3 of ammonium iron sulphate solution was added and after 
15 min but within 2 hours the absorbance was read at 670 nm. Reagent 
blanks and calibration standards were similarly cxplexed and the 
absorbances measured at 670 nm. Although not tested for, the L.O.D. 
was estimated to be approximately 4 mg 1 with a precision at 95% 
c.l. of better than 5%. The results obtained are illustrated in 
Table 5.20. 
(2) ESTIMATION OF PYRITE, A.V.S., AND ORGANIC SULPHUR BY METHOD OF 
ZHABINA AND VOLKOV. 
APPARATUS. 
Digestion apparatus consisted a two-neck round bottomed 250 an 3 flask 
- fitted with an upright condenser tube to avoid splash-over and an 
oxygen-free nitrogen bleed terminating near the base of the flask. 
The gas stream fran the condenser led through two Dreschel traps each 
containing 50, cm 3 of zinc acetate solution. Nitrogen was passed at 2 
bubbles s, and the flask could be heated by means of a electro- 
thermal mantle. 
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Soxhiet extraction apparatus was also required. 
REAGENTS. 
Hydrochloric acid - concentrated and 1.5 M 
0.5 M Zinc acetate solution 
0.75 M Sodium carbonate solution 
Acetone 
95% Ethanol in water ("industrial spirit") 
Chromium( III) chloride hexahydrate 
Zinc amalgam (40% zinc) 
Chranium(II) solution 
82 g of chromium(III) chloride hexahydrate was dissolved in 300 
cm3 water + 100 an 3 1.5 M hydrochloric acid in a 500 cm3 flask 
fitted with an oxygen-free nitrogen bleed. Nitrogen was passed 
at 2 bubbles S-1 for one hour and 100 g zinc amalgam added. The 
open •end of the Dreschel bleed was fitted with a suitable 
adaptor to take a narrow (approximately 1 mm) bore PVC tube to 
act as a restrictor and the gas f low maintained for three days 
in darkness. The bleed was replaced with a tapered glass 
stopper (a screw cap must not be used), which was lifted 
slightly each day to release pressure of hydrogen. After seven 
days the solution was found to be bright blue in colour. The 
solution was stable for several weeks but required the release 
of hydrogen pressure each day. 
Bromine solution 
20 cm3 bromine was dissolved in 30 cm3 carbon tetrachloride. 
Potassium permanganate crystals (KMn0 4 ). 
Concentrated nitric acid 
Sodium hydroxide solutions - 5 M and 1 M. 
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Approximately 1 g of freeze-dried sample was accurately weighed into 
the digestion flask and nitrogen passed for 10 minutes, when 80 an 3 
1.5 M hydrochloric acid was added through the top of the condenser by 
temporarily disconnecting the line to the Dreschel bottles. The line 
was reinstated. The nitrogen flow was maintained. After approx-
imately 20 mm, when the gas release slowed, the flask was heated to 
boiling point and immediately al 1 owed to cool. After a further 20 
nun the zinc acetate solutions were mixed in a 125 an 3 bottle, 1 an3 
sodium carbonate solution added and, after filling to the neck with 
water, the bottle was inverted several times. Sulphide was deter-
mined by the DPD method described in Chapter 9. This fraction repre-
sented the acid volatile sulphide component. The level found in a 
reagent blank was negligible and a LCD of 2 mg kg was indicated. 
The acidic residue from the flask was filtered through a glass fibre 
disc (GF/C) under vacuum and the residue washed with 3 x 20 an 3 
aliquots of water. All excess water was sucked from the disc by 
vacuum. The acid filtrate was neutralised to pH 4-4.5 with sodium 
hydroxide and made up to 250 an3 with water. Sulphate was determined 
as given in Chapter 9. This fraction represented the soluble 
sulphate component. The level of sulphate in a reagent blank was 
found to be negligible and an LCD of 300 mg kg -1 was indicated. 
The glass fibre disc was folded so as to loosely enclose the residue 
and placed in a Soxhiet extraction apparatus and extracted with 
acetone for 16 hours. The Soxhiet extract contained elemental 
sulphur + some organic sulphur and this was placed in storage. The 
glass fibre disc with residue was dried at 709C, unfolded and placed 
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in a clean digestion flask. The flask was connected to the apparatus 
as before with zinc acetate solution in the Dreschel bottles. 10 ml 
95% ethanol was added and the nitrogen bleed attached and allowed to 
operate for 10 min before 50 cm 3 chromiumn(II) solution was added. 20 
cm3 concentrated hydrochloric acid was added through the condenser 
and the gas flow through the absorbers returned. When the release of 
gas fran the sample had diminished the solution was gently boiled for 
1 hour. After cooling the zinc acetate was removed and sulphide 
determined as before. This fraction represented the pyrite sulphur. 
The level of sulphide found in a reagent blank was negligible and a 
LCD of 10 mg kg-1 was indicated. 
The digested disc was broken up with a glass rod and the acid residue 
was filtered and all solution washed from the digestion flask with 
water. The residue on the filter disc was washed with 3 x 20 an 3 
aliqouts of water acidified with a few drops of hydrochloric acid. 
The residue and disc were discarded. The filtrate was transferred to 
a 250 an3 beaker, covered with a watch glass and carefully taken to 
dryness on a hot plate and allowed to cool. 20 cm 3 concentrated 
nitric acid was added and a few crystals of potassium permanganate. 
The acid was boiled to dryness and the procedure repeated. After 
cooling the Soxhlet extract was added and the acetone removed on a 
boiling water bath. 5 cm 3 of bromine solution was added and retained 
at room temperature for 10 min with occasional stirring. 10 cm 3 
concentrated nitric acid was added and the mixture stirred for 10 mm 
and the bromine removed by evaporation on a water bath. 5 an 3 
concentrated hydrochloric acid was added and the solution taken to 
dryness on a hot plate. Addition of hydrochloric acid followed by 
evaporation was repeated twice. 10 cm 3 water was added and boiled 
page 165 	 5. LOCH SEDIt€N'IS 
nearly to dryness. 10 ad further water was added and boiled. After 
cooling, the pH of the solution was adjusted to 4-4.5 with sodium 
hydroxide and made to 20 cm3. Sulphate was determined as described 
in Chapter 9, and represented the organic + elemental sulphur 
component. The level of sulphate found in a reagent blank was found 
to be negligible and a LCD of 100 mg kg -1 was indicated. 
RESULTS. 	 - 
The results obtained are illustrated in Table 5.20 below. 
5.7.5.2. FUMS OF SULPHUR FOUND IN THE SEDIMENT. 
More work is required for the comprehensive determination of the 
forms of sulphur present in the cores, particularly in the lower red-
brown and in the grey zones. The quantity of A.V.S. occuring 
decreased to a negligible level in each core at between 30-60 mm 
above the point at which iron and total sulphur levels rose signifi-
cantly. At the 60-90 ni horizon it is evident that 30-50% of the 
sulphur existed as sulphate while organic sulphur was negligible in 
core 39 but the dominant form in the other cores. Pyrite was also 
determined in red mud and found to be insignificant. The pyrite 
found in cores 14 and 45 therefore appeared to have been authigenic, 
but more work is needed to confirm this and to obtain a pattern for 
the rest of the core profiles. 
Pyrite is generally considered to be one of the final stages in the 
diagenesis of sulphur 122, resulting from the reaction of elemental 
sulphur with iron(II) sulphide formed by the interaction of iron 
minerals [generally iron( III) oxyhydroxide] with hydrogen sulphide. 
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Core segment total total sulphate pyrite organic S 
(mm) Fe S S A.V.S. S + 	S0 
14 0- 30 41 
30- 60 10940 1108 64 
60- 90 10100 1336 494 48 38 829 
90-12 14660 3083 67 
120-150 17270 4934 77 
150-180 12900 3071 62 
180-210 15690 4208 21 
210-240 17060 4678 14 
240-270 23420 5720 6 
270-300 29520 6658 8 
300-330 34330 8519 4 
330-360 36030 13194 5 
360-390 40310 19667 6 
390-420 45150 20553 4 
Core segment total total sulphate pyrite organic S 
(rrrn) Fe S S A.V.S. S + 	S0 
39 0- 30 21560 33 
30- 60 25020 1162 62 
60- 90 25790 832 497 20 381 <100 
90-120 25730 115 14 
120-150 25750 769 47 
150-180 26190 1708 30 
180-210 30640 2705 18 
210-240 24440 2114 14 
240-270 15680 2531 6 
270-300 24940 7476 6 
300-330 34650 22835 4 
330-360 45230 40651 6 
360-390 42070 38874 5 
Core segment total total sulphate pyrite organic S 
(m) Fe S S A.V.S. S + 	S° 
45 0- 30 19760 18 
30- 60 21170 1641 18 
60- 90 22060 1694 386 15 546 715 
90-120 24920 1809 14 
120-150 27680 1856 6 
150-180 29860 2520 4 
180-210 34620 4655 7 
All results. in mg S kg-1 dry weight of sediment. 
TABLE 5.20. Results of the determination of forms of sulphur in the 
sediment. 
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Hydrogen sulphide is released by the bacterial decomposition of 
organic matter and sulphate (Chapter 5.7.4.1). Figure .5.27 provides 
a diagraniatic representation of pyrite formation. 
organic /LO \ LIIJ 
bacteria 	bacteria 
S 	Fe 





FIGURE 5.27. Diagramatic representation of the process 
of pyrie formation in recent sediments. (Taken from 
Berner' 
Iron suiphide is readily formed due to its very low solubility 21 . 
Elemental sulphur is found in all sediments generally in an extremely 
finely dispersed state. Berner 8 considers that the amount of 
pyrite formed is limited by the availability of reasonably fresh 
organic matter. Formation is favoured by a vigorous bacterial 
sulphate reduction regime with a fine grained source of iron, and 
operates close to the mud-water interface where an adequate supply of 
sulphate may be assured. Such a regime requires a relatively high 
rate of accumulation for organic matter supply. Berner reports that 
most pyrite is formed in the top few cm of sediment where sulphate is 
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replenished by the overlying waters, and that pyrite formation 
becomes exceedingly slow after further burial. Pyrite formation is 
considered insignificant in freshwater sediment because of the 
limiting sulphate concentration118 ' 123. In marine situations, recent 
sediments typically contain 0.22% pyrite 115. Berner 115 prepared 
pyrite from iron( II) sulphide and sulphur at 65°C. and neutral pH, but 
at high reagent concentrations. 
Rickard124 ' 125 has considered the kinetics of the reactions and the 
rate equations he propsed have been used by Gardner 126 in construc-
ting the following equations. 
2FeOOH + 4H + 2HS- 	+ S q) 2FeS( S ) + S?S) + 4H20 
where d(FeS)/dt K 1  (H+) 2 ( .H2S) 3 /2Ag 
2FeS(5) + SOS ) + H + 	(aq) 	2FeS2( S ) + H2(aq ) 
where d(FeS2 ) /dt = K2 (H) (H2S)AA 
where species in parenthesis indicate activities, K1 and K2 are 
rate constants, and A = surface area of iron oxyhydroxide (g), iron 
sulphide (i), and sulphur (5). 
Gardner126 considered his proposal for the equation forming write to 
be inadequate.. The problem of bringing widely dispersed FeS and 
sulphur into a suitable reaction environment had been considered by 
Rickard1 25  who proposed a solubilization of elemental sulphur by 
polysuiphide and of iron sulphide by protons. He managed to 
synthesise pyrite from a concentrated solution of Fe2+ and 
çolysulphide, and proposed the following equation to describe the 
reaction occu ring. 
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sns2 + S8 	S 8S2 (etc) 
FeS + H 	Fe2 + HS 
Fe2 + s5s2 + HS —.FeS2 + S4S2 + H (etc) 
However Gardner points out that this reaction is second order for FeS 
and first order for sulphur and would result in stoichiometric 
existence of FeS and FeS 2 in sediments due to the exhaustion of 
elemental sulphur. Beside this spatial problem of bringing reactants 
together Gardner also considered that the formation of hydrogen 
during pyritization had not been observed. A further problem was the 
therifodynarnic stability of FeS over FeS 2 which would suggest a very 
slow rate of conversion. However, the two minerals are rarely found 
tcxether 26 . 
Howarth 27 proposed that pyrite could be formed very rapidly (within 
a day or less) without a FeS intermediate. He found that 35SO4 was 
taken up very rapidly in the surface peat of a salt marsh with pyrite 
forming a major end product. Laboratory and field experiments 
confirmed the production of FeS and FeS 2 at pH 4 but FeS alone at 
higher pH. However when the partial pressure of H 2S was reduced frai 
1 A to 1 -4 A, a small yeild of pyrite was the only sulphide formed. 
Howarth proposed that at low concentrations of HS, produced either 
by low total sulphide or by low pH (shift to H 2S at equilibrium), 
pyrite is formed preferentially. This will occur when the ion 
activity product [(Fe2 )(S2 )] falls below approximately 2x10 8, the 
solubility product of FeS, as pyrite is less soluble. Thus it is 
possible that in a difficult situation, with a high potential supply 
of iron and sulphide and a Eh regime that could support reduction at 
times of local pH lowering, large amounts of pyrite could be formed.. 
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5.7.6. OQRREEATION BETWEEN TRACE METALS. 
For the standard comparable core segments illustrated in Figure 5.8., 
copper and sulphur are correlated to iron in the "native material of. 
segment set 2 (Table 5.17) presumably by the formation of mixed 
sulphide or oxide, or by similar adsorption process. No correlations 
exist at all for segment set 1 except that between copper and organic 
carbon. 
5.7.6.1. CDPPER AND CHROMIUM. 
Figure 5.28 shows this correlation extended to take in the upper part 
of the cores (and including the grey zones) and shows a favourable 
relationship, with the exception of the grey zone of core 39 and two 
segments immediately above. The intercept of the correlation line 
passes close to the origin indicating that all the copper in the 
upper segments is associated with organic carbon. This behaviour has 
been observed previously26'1 28• Copper readily forms soluble humic 
complexes and these complexes appear to be indeperant of prevailing 
alkalinity or redox34. It is found that adsorption onto hydrous iron 
oxides is inhibited by this behaviour 3 '1 . Hover once copper is 
fixed into the sediment it is not renobil ize& 29  Thus copper may be 
distributed in a manner related to soluble organic matter and be 
fixed once the material has been coagulated or precipitated by some 
other process. 
Chromium follows a similar pattern to copper as indicated in Figure 
5.29, although the association is not as good, particularly in core 
39. Most of the total copper entering the loch arrived with the 
leachate (0.33 mg 1"1)  rather than the north inlet (<0.0001 mg 
depositing 17 mg kg -1 in the sediment. The observed range for the 
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FIGURE 5.28. Correlation of copper and organic carbon 
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FIGURE 5.29. Concentration of related trace elements relative 
to calcium and titanium-. 
top of the sediment of 23 nkg 1 for core 39 to 49 mg kg for core 
14 probably reflects an additional atmospheric supply. Cawse 59 gave 
a range for atmospheric input representing 5-11 mg kg -1 in the 
sediment.. Input of total chromium was again mainly from the leachate 
(0.1 mg 1) rather than the north inlet (<0.0001 mg 1 -1 ), giving 53 
mg kg-1 in the sediment. Even allowing for an atmospheric input of 
0.6-4 mg kg-1 a large deficiency is evident compared with the 120-137 
mg kg-1 found in the top part of the sediment. Although Figure 5.29 
may indicate a slight tendency to surficial enrichment of chromium 
relative to copper this is inadequate to explain the discrepancy. 
Chromium, unlike copper, is readily soluble at leachate pH and 
additional supplies of chromium may arrive as slugs of dissolved 
chromium at times, due to particular characteristics of bauxite 
batches, red mud or factory practices. This mode of supply has not 
been investigated. Thus chromium and copper appear to be related to 
organic carbon content and are not noticeably surficially enriched in 
the sediments. 
5.7.6.2 NICKEL, LEAD, AND ZINC. 
Figure 5.30 indicates that the origin of these metals was from 
detrital input (plus an atmospheric component) and that they have 
proved to be basically immobile in the sediment. Nickel supply to 
the sediment from known detrital sources was 31 mg kg with a 
possible 4-11 mg kg-1 by atmospheric input 59, while levels found in 
the top of the sediment varied from 35 mg kg -1 to a high of 71 rw k97 1  
for station 45. It is probable that detritus entering through the 
north inlet will have provided this high level at station 45. Zinc 
supply shows a detrital correlation with titanium in cores 14 and 39. 
The supply to the sediment was 46 mg kg-1 from detrital inputs plus a 
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FIGURE 5.30. Concentration of related trace elements relative to titanium 
and iron 
possible 27-107 mg k9_1fran the atmosphere. Levels found for these 
two cores were 52 and 53 mg kg -1 respectively. The level recorded in 
core 45 was 384 mg kg-1 with a spatial variation inversely correlated 
with detrital input. Zinc was not correlated with silica which would 
have indicated ion-exchange active alurninosilicates (Chapter 5.7.3). 
The only possible correlation would be with calcium (as shown in the 
figure) with the co-precipitation of zinc carbonate on calcite. The 
ion radius of Zn2 (0.74 ) is similar to other ions which form solid 
solutions with calcite such as Fe 
2+ 
 (0.76 Th and Mn2 (0.80 ) 
compared to Ca 
2+  at 0.99.R o (see Chapter 5.7.2). Zinc is greatly 
surf icially enriched and a mechanism of re-solution of carbonates 
followed by deposition at higher pH and Eh* near the sediment surface 
would need to be proposed. It would appear f ran Chapter 5.5 that at 
station 35, which is situated 50 m south of station 45, active re-
solution of calcium was occuring in the core (rising to 87 mg 1 -1 in 
the interstitial water at 60-90 rrn depth). The process appeared to 
be unrelated to sulphate and probably represented active methane 
production. 
5.7.6.3. MANGANESE. 
Manganese follows a similar pattern to iron in the sediment profiles 
(Figure 5.30), but substantial maxima occur in cores 14 and 39 at a 
depth immediately below the point at which acid volatile sulphide 
(A..V.S.) disappears and before total sulphur levels became very high 
(this rise is not significant in core 45). This relationship is 
illustrated in Figure 5.31. Interestingly A.V.S. forms maxima at the 
same position as the more abundant manganese forms minor maxima, and 
suggests that A.V.S. may well comprise MnS rather than FeS, a 
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FIGURE 5.31 Relative concentrations of iron, manganese and sulphur 
in the upper parts of the Cores. 
reductive process which would occur at a higher Eh value at high pH. 
If the following reactions are considered: 
Fe€XJH( C ) + SO( aq ) + 11H + 9e ?FeS( C ) + 6H20 
MflXDH( c ) + S0 ( aq ) + 11H + 9e MnS(c) + 6H20 
'02(c) + SQ( aq) + 12H + iCe MnSc) + 6H20 
then EhFeS(F)H) = 338 + 6.2871log(so) - 69.16pH 	(in mV) 
and Eh g ( ) = 390 + 6.2871log(SO) - 69.16pH 
and EhMflS(Mn02) = 459 + 5.9210g(SO) - 71pH 
Thus MnS may form at a Eh value at least 52 mV above that for FeS or 
for a pH of 0.75 units more alkaline. 
Manganese is massively enriched in the sediment. The inputs to the 
sediment represents 28 mg kg-1 with <4-17 mg kg of possible atmos-
pheric input59. However levels found at 30-60 rrni in the sediment 
ranged from 278 mg kg-1 to 676 mg kg-1 (at station 45). . Manganese is 
readily transported in sediments under reducing conditions and the 
most probable source of this material would be from the. naturally 
occuring levels in the "natural" sediments. Levels in natural lake 
sediments vary widely with a mean of 2% being found in Lake 
Windermere for surface sediments for an iron content of 5% 
(Rowlatt), while in Lake Michigan surface levels of 590 mg kg -1 
were reported, associated with an iron content of 2.8%. Macrophytes 
and leaves, of which much of the "natural" sediment will have been 
composed, contains considerable manganese 130 (up to 4000 mg kg -1 ) 
relative to iron at 100 mg kg. 
The profile of manganese for cores 14 and 45 show a steady gradient 
from the grey zone ( or "natural" zone for core 45) to the surface 
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indicative of the concentration gradient that would be expected to 
permeate the interstitial water. This gradient in the interstitial 
water has been observed by Sakata1 29  who concluded it was due to 
solution processes involving the formation of hydrous ferro-manganese 
oxides. He concluded that the formation of sulphide minerals was not 
involved. Mn2 may also be mobilised by the formation of MnCO 3 , 
Mn3 (PO4 ) 3.8H20, or MnS at transient high Mn2 levels followed by re-
solution as the concentration in solution decreases. However 
alabandite (MnS) is relatively soluble and the solubility product of 
log K = -15.7 for (Mn 2 )(S 2 ) may not easily, be exceeded 131 . Thus 
the band of MnS that apparently found may be continually redissolved 
and redeposited as Mn2 progresses upwards and be defined solely in 
terms of S 2- availability. Two peaks disrupt this gradient, one 
being the A.V.S. mineralisation band and the other being the deposi-
tion band immediately above the grey zone. This bond may represent a 
substantial sink of MnS if sulphide is continually leached fran the 
organic sulphur/pyrite band below. 
5.7.6.4. VANADIUM AND ARSENIC. 
Arsenic and vanadium are supplied entirely from the leachate and the 
level of supply will be related to the volume of leachate entering at 
any one time. Both elements are seen to be related to sediment 
calcium in core 14 (Figure 5.29), as would be expected since calcium 
supply is determined by leachate supply of carbonate. Although 
arsenic remains correlated to calcium in the other cores, vanadium 
incorporation remains constant. 
Several workers (e.g. Faust etal 46 ) have found that no matter what 
species are prevalent in the water body, AsS+  predominates in the 
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interstitial water, making up some 80% of the arsenic present. The 
level in the interstitial water may be thousands of times higher than 
in the water body and forms a permanent reservoir for arsenic 
replenishment of the water body. It is thought that arsenic exists 
in the sediment mainly as FeAs04 or FeAs2 (Faust et a1 46 ). 	The order 
of daninance in interstitial water has been found to be As5 > As3 > 
MMAA> JY4AA, and this should be con-pared with that found in the loch 
body under Chapter 4.7.6. Arsenic levels in interstitial water is 
reported to be strongly correlated with Fe 2 (Brooks et a1 32, Lenno 
et 48) although this is not clearly indicated with the present 
analysis displayed in Tables 5.18 and 5.19. Total arsenic is not 
correlated with iron, sulphur, organic carbon or phosphorus in the 
cores. Hydrogen sulphide may react with arsenic liberated to the 
interstitial water to form metallic mixed sulphide-arsenides or poly -
meric organoarsenicals containing sulphur48. At depth under severely 
reducing conditions arsine may be formed abiotically or else methyl-
ated arsines by biotic reaction48. Either process would result in a 
loss of arsine to the atmosphere as these gases are not very soluble. 
Also it was stated in Chapter 4.7.6 that phytoplankton may provide 
highly reducing microenvironments which yeild trimethyl arsine to the 
atmosphere fran the water body. Figure 5.'32 illustrates the very 
rapid drop in the concentration of arsenic within the core and must 
represent a loss, either into the water column or to atmosphere. The 
figure indicates a similar reduction in vanadium which is considered 
to indicate a historically slightly lower input of vanadium canbined 
with perhaps an equal amount being retained at the sediment surface 
by oxidation-reduction processes. The loss of arsenic is more 
pronounced and although this will indicate a slight reduction in 
input historically (As and V are correlated in the loch water) it 






FIGURE 5.32. Relative concentration of arsenic and related elements 
In the upper part of core 14. 
probably represents a considerable level of volatile loss both fran 
the sediment and from phytoplankton within the loch body. This 
concentration of arsenic in the uppermost parts of the sediment is 
well known and controlled by reduction-oxidation processes (e.g. Holm 
et a1 52 ). 
In Chapter 5.7.5 it was indicated that Fe(III) must be present 
throughout the upper parts of the cores and it is probable that 
arsenic is held in steady state with this by a redox reaction such 
that133 : 
3Fe(OH)3 + HAs02 + H 	2Fe2 + FeAs04 + 4H20 
Such a reaction will control the speciation of As(V) and As(III) and 
probably means that much of the arsenic remains as HAsO, FeAs0 41  
and arsenious oxide (203) all of which are viable at pH 10 over the 
range of Eh values found in the cores 48. Thus a complex situation is 
evident with oxidised states apparently co-existing with biotically 
generated methylated arsines. 
It is probable that some of the arsenic input to the loch never 
reached the sediment but was gassed out via the phytoplankton. The 
reduction of ferric surfaces on which sorption had occçced will have 
released arsenic into the interstitial water and most of this 
material will have been resorbed by precipitating iron oxyhydroxides 
at the surface, thus giving permanent surface enhancement. As(III) 
species will however be less likely than As(V) to be retrapped and 
may be released to the water body. Evidence from Chapter 4.7.6. 
suggests that arsenic undergoes regular biotic involvement and this 
cycle of oxidation and reduction processes renders arsenic very 
mobile with the end product being expelled to atmosphere. 
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Core 45 provides a non-enriched assimilation of arsenic 084 mg kg -1 
against 400 mg kg-1 projected supply) while core 39 shows a 50% 
enhancement throughout, as would be expected at this station, but no 
indication of surficial enrichment. Core 14 indicates significant 
surficial enrichment of arsenic and will represent redistribution 
caused by oxidation reduction processes undergone by the iron 
oxyhydroxide substrate on which arsenic was most likely to have been 
sorbed (see Chapter 5.7.6.2.). 
Vanadium occurs at a relatively constant level in cores 39 and 45 
despite the increased supply in recent years. Core 14, on the other 
hand shows considerable (5 times) enrichment in the top 150 nun of 
sediment. Vanadium is strongly adsorbed by humic.material and at 
station 14, the sedimentation of degraded organic matter will also 
have greatly increased in recent years. Thus it would appear that 
this enrichment may be the sum of two processes, firstly the excess 
deposition by humic matter and secondly a re-solution of material by 
reductive processes, putting solubilized humic matter, with 
associated vanadium, to the interface where it is then re-coagulated. 
This process of humic solubilization has been reported by Wetzel 21 
(see also Chapter 5.7.4.1). If sedimentation by humiç material is 
indeed responsible for vanadium deposition then significant levels of 
vanadium will not be deposited at station 39. Very shallow water and 
high pH prevent autochthonous phytoplankton deposition and the 
leachate provided a very low detrital input of humic material. 
Figure 5.23 shows that station 45 received a relatively fresh organic 
debris falling through a shallow depth of water (4 m as opposed to 
12.8 m at station 14) which would restrict uptake of vanadium. 
Similarly if the body of the loch provided an efficient scavenging 
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medium for vanadium then the metal may not have been available at 
station 45 for deposition. 
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CHAPTER SIX 
MATHEMATICAL PREDICTION OF 
CHEMICAL SPECIATION AND 
MINERAL DEPOSITION 
6.1. CHOICE OF APPROPRThTE BASIS FOR MODEL. 
Several models exist for the prediction of speciation of inorganic 
elements in water. All those investigated operate on the basis of 
thermodynamic equilibrium, without the introduction of meaningful 
kinetic bias. Drever77 considered those of geochemical interest to 
include the WATEQ family based on the work of Truesdell and Jones 1° 
which created a large matrix of simultaneous equations containing one 
for each equilibrium constant and a series of mass balance equations, 
one for each component. WATSPEC, created by Wigley 1 operated a 
series of progressive incrementatal approximations on each of a 
similar set of equations without the creation of a specific matrix. 
These programs omitted the formation of minerals, being satisfied 
with defining whether a particular mineral was under- or over-
saturated with respect to the solution. 
Typical equilibrium equations were 
log(K. 3 ) = log(a j3+ ) - log(a. + ) - log(a 3- ) 
and mass balance equations were of the type 
MCa (total) = Mca++ + MCaHO03+ + MCaO03 + MCaSO4 + ...... 
All programs used Debye-Huckel theory for the prediction of activity 
coefficients. 
Nordstrom et a1 35 compared available programs by defining speciation 
in typical standard waters. It was found that general agreement 
ocfled at major element level lRit that considerable discrepancy was 
found for the speciation of trace metals. The model can only be as 
good as the thermodynamic data used, and much data, from different 
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sources is of variable accuracy. It is therefore not surprising that 
considerable deviations were found for sane poorly understood trace 
metal interactions. Because of the great sensitivity of iron and 
manganese to redox conditions, the differing definitions of pe led to 
serious differences between models. For instance for a standard 
water, two variations on WATEQ predicted -log(M) of Fe 2 of 12.167 
and 6.579 while MINE)L gave 15.18 and WATSPEC 11.953. 
Several programs attempt to define the degree of mineral deposition 
or dissolution. PATHI (Helgeson et a1 136 ) allows incremental 
solution or deposition of minerals to bring all the solid mineral 
phases into equilibrium. MINEL (Westall et a1 137 ) performs 
similarly except that minerals are placed in classes, some being 
allowed to deposit and dissolve while others being allowed formation 
only. The major drawback of these programs was that the incremental 
process of dissolution or deposition required respeciation between 
increments. The process generated extended running times. 
Limitations were placed on the computing facilities available within 
the F.R.P.B. for development of the model. In its usual "multi-user" 
mode only BASIC programs could be run alongside others and the 
processing core was limited to 12K bytes. Because of the size 
limitations a non-matrix program was required and WATSPEC was chosen. 
For a full description of WATSPEC reference should be made to 
Wigley 134. The model was translated from FORTRAN into single 
precision BASIC. This placed various limitations on the programming 
and instances involving the subtraction of large, similar numbers, 
and the progressive manipulation of successive approximations had to 
be replaced by other processes. If, under any circumstances 
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particular calculations were in doubt with regard to precision, the 
same calculations were performed in ALGOL to an equivalent of lOx 
BASIC precision. The final processes chosen were found to be in good 
agreement in the two languages, for instance, alkalinity 
recalculation for open or closed systems was found to be better than 
0.001%. 
6.2. RALCULATION OF INSTANTANEOUS pH AND ALKALINITY. 
The program developed as an extended system, with a WATSPEC core, and 
was called WATDEPOSIT. The program provided a two-water input (i.e. 
leachate and north inlet) for generating an instantaneous loch water 
"mix'. WATDEPOSIT could take any number of test flow ratios, either 
as incremental ranges, or individual situations. It required the 
mixed water temperature and dissolved oxygen to be defined by the 
user. Each water was speciated by the WATSPEX2. core and these species 
instantaneously conserved to provide an instantaneous pH. The 
instantaneous pH and alkalinity was determined using the equations 
derived by Wigley and Plummer 38 for both atmospherically open and 
closed systems. 
(1) Closed to the atmosphere. 
The following conditions may be identified: 
Total inorganic carbon and alkalinity are conserved 
H2(X)3 is not conserved. 
considering C = 	+ mHO03 + mH2(D3 (part of total C system) 
and A = 2m j3__ + mHW 	(part of alkalinity system) 
and mH2CD3 = K(mHQ03_)2/(m-J03_) 
where K = KH2cXJ3( ' Ha03_ ) 'Hc03-Y003-- 'H2003 
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then mHa03 = A - 2m3__ 
C = ITth3 	+ (A - 2m3__) + K(A - 2m3__) 2/mj3__ 
and (mrjj3 )2 = [m, 3_- (A -C-4K) + KA2 ]/(1 - 4K) 
Thus an iterative procedure may be applied for n number of 
iterations: 
(m3__) = / [(m 3__)_ 1 (A - C - 4K) + y 2 1/(1 - 4K) 
A satisfactory limit to be applied to the iteration was considered to 
be 	'a03--n - '(X)3--n-1 <AxlO. 
then 	= A - 2 3 _ 
mH2003 = K(mH003_) 21mr3__ 
and pH = - lcx[ rnHCX)3_ H0J3J (KHct)3L  H~ CO3__ma)3__) 1 
(2) Open to the atmosphere. 
The following conditions may be identified: 
W .  Alkalinity and 1H2QJ3  are conserved 
(ii) Total carbon is variable. 
Then A = 2m3_... + mHOD3_ 
and mf3 = 
so A = 2K(mH3_) 2/mH2W3 + mHa03 
and the iteration procedure maybe applied to: 
= 	
[A - (3j_1}j23/2K 
SO mQJ3 	(A - mf1QJ3_)/2 
and pH = _log[m 	 'CD3__mCX)3__H 
Programs were prepared on the basis of these equations and, using the 
data generated by WATDEPOSIT for the instantaneous mix, the instanta- 
neous pH and alkalinity were calculated for equilibrium conditions 
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for the system both open and closed to the atmosphere. Table 6.1 
illustrates the findings. 
system 	: 	 closed 	open 
determinand: 
part total inorg. carbon 
(defined as C) 	4.964E-3 	6.997E-3 
carbonate 	(*) 	 2.231E-3 2.263E-4 
bicarbonate (*) 3.238E-3 	7.247E-3 
carbonic acid 	 5.990E-7 1.477E-5 
pPOJ2 	 4.9 	3.5 
pH 10.04 8.7 
TABLE 6.1. Equilibrium conditions for a 1:7.71 mix of 
leachatemorth inlet for systems open (pPa)2 defined as 
3.5) and closed to the atmosphere. (M)  indicates total 
of all species incorporating this ion. 
The actual loch pH as observed after mixing in approximately this 
ratio is known to be in excess of pH 10. It is therefore evident 
that a CO2 deficiency, exhibited by the leachate, persisted 
throughout the loch and, despite the long residence times, 
substantial carbon dioxide is not abstracted from the atmosphere. 
With this conclusion in mind it was decided to incorporate only the 
closed system calculation into WATDEPOSIT. 
pH and alkalinity recalculation was required for the instantaneous 
mix of the waters and after each adjustment of mineral deposition or 
dissolution. 
6.3. MINERAL DISSOLUTION AND DEPOSITION. 
Initially an incremental technique was used for determining the 
correct degree of deposition of minerals to achieve equilibrium but 
the processing time was several hours. Consequently a technique was 
devised whereby using the degree of oversaturation as a guide the 
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total concentration of affected determinands (e.g. calcium and 
alkalinity) were reduced to generate a second pair of data of total 
concentration (Z) and saturation index (S). The saturation index was 
defined according to Wigley134 by 
S = log[(ion association product)/(solubility product)] 
Then for a first order deposition the equilibrium concentration was 
achieved according to the diagram below 
lcxZ 
where for initial data pair (Z0,S0), and over-deposition pair 
(Z1,S1), the equilibrium pair (Z,0) is determined by 
log(Z) = S1[log(Z1)-log(Z0)]/(S0-S1) + log(Z1) 
and the amount of determinand to be redissolved (G) for N mol of 
determinand for each ml of mineral was 
G = 110{S1[log(z1)_109(z0)]}/[(SO_Sl)-l]/ 
For determinands with higher orders of relationship to the mineral 
this treatment becomes approximate but it was found that two 
iterations of this calcultion almost always brought the saturation to 
within 10% (± 0.01 units on S). Where more than one related mineral 
may form they are deposited in pairs. Over- and under-saturation 
concentrations /saturation index data pairs were generated for 
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equilibrium of the second mineral (e.g. for calcite and dolomite) and 
the equilibrium position generated for that mineral. This treatment 
generally retained the second mineral within the limits specified for 
equilibrium. If this did not occur then two passes through the 
routine nearly always generated mutual equilibrium. 
Initial runs of the model produced unrealistic results. As calcium 
aluminosilicates were more insoluble than calcite they precipitated 
in abundance until aluminium and silicon levels were reduced to near 
zero. Since this is known not to occur because of kinetic 
considerations, it was decided to attempt to incorporate kinetic data 
or at least a degree of diffusion control. Kinetic data for 
alurninosil icate mineral formation proved to be extremely sparse, and 
represents an area of research that has been neglected. Some data on 
the dissolution of rock-forming minerals is available but would be of 
little use in this context. Kinetics concerning the formation of 
calcite and dolomite are found to be the subject of controversy (see 
Chapter 4.7.1 and for dolomite consult Shimmield26 and others). 
Thus it was eventually decided to abandon this approach and apply the 
system of classes applied arbitrarily, by others (e.g. Westall et 
a1 137 ). A series of base minerals were determined as Key minerals, 
and as far as the work progressed, the deposition of aluminosil icates 
was not assessed. Again this gave unreliable results. Appendix F 
contains final printouts for a 1:7.71 mix of leachate to inlet water 
allowed to equilibrate to calcite and dolomite production. The 
printouts incude initial speciation of leachate and inlet water prior 
to mixing. Included is a calculation of run time and central 
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processor unit time. It will be seen that eventually some eight 
times as 'much dolomite was formed compared to calcite. Dolomite is 
known to form very slowly, whereas calcite formation is rapid. 
Dolomite is not found in the loch. Thus it must be concluded that 
this approach to the modelling leaves much to be desired and until a 
proper kinetic basis, with a thorough understanding and allowance for 
interferences sulphate on dolomite), is available, the value of 
making allowance for dissolution/deposition must be in question. 
Further limitations that were not considered by the model were 
the influence of dissolved organic matter 
the influence of phytoplanktonic activity 
uneven mixing within the loch 
redox reactions at the mud-water interface 
More elaborate models, involving the integration of several 
disciplines into the effects'being mode lled, are currently developing 
and reference should be made to 0r1ob 139 for some indication of the 
current state of the art in the field of water quality modeling. 
6.5. THE MODEL. 
The program comprises WATDEPOSIT which inputs all relevant data and 
calculates all activity coefficients, and equilibrium and association 
constants which are written to file. ITERATE is chained which 
speciates the leachate and north inlet waters and then calculates an 
instantaneous pH and total determinands for the mixture being tested. 
The mixture is speciated and tested for supersaturation of key 
minerals, when the necessary adjustments are made to determinand 
concentrations so as to leave all key minerals in equilibrium. 
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Appendix E.4 lists these programs. 
It was originally intended to add determinands to the model which 
were of special interest in Kinghorn Loch. These included 
phosphorus, arsenic, vanadium, and fluorine. Additional information 
is available for a large number of extra aluminosilicate and other 
minerals which would have been relevant. However, due to the 
limitations in uses for the model that are apparent, this was not 
done. Suitable data for carrying out this work was found in 
Drever 77 , Truesdell and Jones 10 , Smith and Martel 1140,  Nriagu'41, 
Ball et a1 142 and Ball et a1 143 . 
6.6. APPLICATION. 
The model, despite its considerable inherent limitations, proved 
extremely useful in determining starter pH's for several experiments 
and in finding limiting levels of determinands so as to prevent the 
deposition of minerals, primarily calcite, in several experiments 
(achieved by the interuption of the mineral deposition sequences at 
an appropriate stage). It also served to illustrate the difficulties 
involved in attempting to allow for mineral formation and 
dissolution. 
S 
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CHAPTER SEVEN 
ASSESSMENT OF BIOLOGICAL ACTIVITY 
7.1. BENThIC INVERTEBRATES 
7.1.1. SAMPLING TECHNIQUES. 
Benthic invertebrates existed throughout the loch but weremost 
abundant in the littoral margins. These areas provided protection 
against the worst excesses of the pollution load and a source of 
detrital food. However, because of the variability of littoral 
environment, any meaningful appraisal of populations is extremely 
difficult to obtain. It was the aim of this chapter to use a statis-
tical process to follow the recovery of the invertebrate population 
after 1983. This could only be done by considering the non-littoral 
stations within the loch. Forty two such stations, situated on mud 
or gravel, were identified and this was considered to be a satisfac-
tory-number for quantitative analysis (Drke65) - In the event, 
further decline after 1981 and subsequent recovery after May 1983 was 
marked that such an appraisal was not considered necessary. 
A small Van-Veen grab (Figure 5.1) was used which gave a "bite" of 
0.025 m2 . Since the surface of the sediment sample obtained was 
generally within 5-10 mm of the doors of the grab it was considered 
that the recovery of invertebrates dwelling within the area sampled 
will have been good. 
During 1981, three surveys were undertaken during the year in order 
to identify a period when animal size and abundance was optimum for 
quantitative determination. It was intended to undertake seasonal 
surveys but due to severe weather the winter and spring dates were 
combined as the loch surface remained frozen until the end of 
February. As expected, Spring proved most suitable and further 
surveys were undertaken during Spring of 1982-1984. Samples were 
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taken from as many of the 51 stations as were accessible. On lifting 
the grab, the sample was transferred to a heavy duty polythene bag 
and 50 cm3 40% formaldehyde solution added. The bag was securely 
tied and the contents thoroughly worked with the hands to ensure full 
penetration of formaldehyde. The bags were stored at 4 0C and 
prepared within 7 days. On removal from storage the sample was 
transferred in small lots to a 250 urn sieve, a gentle jet of water 
being used to wash the mud through the sieve. When all the sample 
had been added the water action was continued for some time until the 
water passing the sieve was clear. The residue was carefully and 
completely transferred to a white basin where all organisms were 
separated and transferred to 25 an 3 specimen jars with snap-on tops. 
The jars contained 95% ethanol in water with 5% glycerol added The 
jars were stored for later analysis (performed November 1984-February 
1985). Brinkhurst 144 stated that a 250 urn sieve should be used for 
separation, as the number of organisms recovered could be increased 
by 600% when going from 1 mm to 250 um sieve, and that chironomids 
several mm in length could be lost. It was evident that many 
organisms, principally in the littoral areas, were indeed very small. 
7.1.2. IDENTIFICATION. 
Identification was achieved by initial separation of Chironomus Sp. 
and Gi yptotendipes Sp. from the remainder. All the individuals fran 
the remaining fauna were mounted after decapitation and the slides 
allowed to clear before identification was attempted. A large number 
of individuals of Chironornus Sp. and Glyptotendipes Sp. were also 
mounted for confirmatory analysis. Identification to genus was 
achieved by microscopic examination according to the keys set out in 
Table 7.1. ISozzard, in pirsuence of his duties with the F.R.P.B., 
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had raised larvae fran the loch to the adult stage. This allowed him 
to identify several of the fauna to species level. By. association 
with his. findings, invertebrates obtained during the present .study 
were tentatively identified to species level. Table: 7.2 . sets out a 
list of these fauna. 
I should like to express my appreciation to I.Fozzard for explaining 
the finer points of the anataTly of these individuals with reference 
to the Keys. 
7.1.3. ENVIRONMENTAL RBLJIRE2€N'IS OF FAUNAL TYPES. 
It is generally considered that the most tolerant of the benthic 
organisms, occuring in greater numbers than anything else in polluted 
systems, ar&tübificid worms. Their occurence is considered diagno-
stically very useful in conditions too limiting for chironamids144  . 
Slepulthina152  reported that in heavily (organically) polluted areas 
of North Caucasus, oligochaetes formed up to 80% of the faunal mass 
and occurred at densities of 6000-8000 m 2. In some pools this abun-
dance dropped to 30% with C.plumosus becoming abundant. However, 
these worms did not occur at all in the non-littoral sediments of 
Kinghorn Loch and are not very abundant even in the littoral margins. 
Thus, toxic effects other than low dissolved, oxygen, must have dis-
couraged their development. 01 igochaetes in general are known to be 
sensitive to heavy metal pollution and their absence may be used as 
an indicator of toxic materials 152 . This effect is evidently 
occuring in Kinghorn Loch. 
page 191 	 7. BIOLOGICAL ACTIVITY 
Family 	genus 	key 	. 	figure/page no. 
thironanidae Chironomus 	. Pinder and Reiss1 45. 
GlyptOtendipes 	. -• -. 
• 	. 	Microtendipes  
Briflja 	. Cranston146 
• 	Procladius Fittkau and Roback 147 
Arc€opelopia  
Culicidae 	Chaoborus 
Limnephilidae Liniriephilus. 	Hickin148 
Sialidae 	Siális 	Elliott149 
Corixidae Sigara Macan150 















TABLE 7.1. Keys used in the identification to Family or Genus. 
subfamily ...tribe 	genus 	species (tentative) 
chironanini 	Chironanus 	ptuirosus 
Glyptotendipes barbipes 
Microtendipes (pedellus gp.) 




CA ILA.2 	Ld. 
Cricotopus 
















TABLE 7.2. List of benthic fauna found during the period of study. 
chironomus plumosus is known to be extremely abundant in highly 
eutrophic lakes under conditions of low dissolved oxygen1 44.  Certain 
red-blooded chironomids, notably C.plumosus, can thrive in septic 
conditions and it is considered by Gaufin 153 that the haemoglobin in 
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the blood acts for both transport and storage of oxygen passing 
through the cuticle, thereby allowing a continuance of filter feeding 
even under sustained anaerobic conditions. Thus certain thirorianus 
species are well adapted to extremely low tensions of dissolved 
oxygen. Lueschow53' in his study of lakes (in Pewaukee,Wisonsiri) 
that had been tréatel over many years with arsenite, found that 
C.plumosus occurred in numbers up to 2500 m 2 within lake sediments 
containing up to 1900 mg As kg. He also found that Chaoborus 
punctipennis (an American species) occurred under similar conditions, 
but that other invertebrates were absent. This author identified 
C.plumosus, but it is only relatively recently that the common 
practise of terming any Chironaiius with ventral tubules as plumosus 
has been superceded by more discerning- terminology. 
Glyptotendipes barbipes is not able to operate in such low oxygen 
conditions and occurred in the old littoral and sub-littoral areas of 
the loch. This species is common in brackish water in lowland 
England and is tolerant of more saline waters than any other species 
in the genus 154. Microtendipes Sp. is very common in pools 
containing soft sediment throughout the F.R.P.B. area, but is 
generally considered to be intolerant of polluted conditions and 
brackish water. Thus it is surprising that it colonized the loch at 
a time of greatest stress. 
chaoborus is not a benthic invertebrate. It is a carnivor that feeds 
on the zooplankton by night and retreats to the mud surface during 
the day. It was found to occur in the deeper parts of the loch where 
Chironomus plumosus was absent. Brinkhurst 144 considers that 
Chaoborus is more able to thrive under conditions of extreme stress. 
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7.1.4. SUMMARY OF F.R.P.B. SURVEYS. 
Each of these surveys were carried out by I.Fozzard and the Biology 
Section of the F.R.P.B., Stirling office. A survey carried. out 
during July 1976 indicated that the biota was very restricted 
although Sphäerium Sp. (freshwater cockle) and ostracods (minute 
crustacea) were canmon at the time. Caddis flies and mayflies were 
absent. The only cannon macrophyte was Polygonum amphibium. 
Chironomids, Chaoborus (phantan midge) and Sigara concinna were also 
found. Although Oscillatoria ("blue-green algae") was mentioned in 
the report it is not known whether it occured as an extensive bloan 
or just on the P.ainphibium. 
+ByJtthe 1979 growth of P.ainphibium had become .resthi cted in several 
areas. Octracoda was reported in the north west corner of the loch 
although Sphaerium Sp. was not. Chironanus Sp., Procladius Sp., and 
Chaoborus Sp. were reported from the grab samples while Sigara 
concinna and Glyptotendipes Sp. were only reported from sweep samples 
(along with eight other chironomid species). The development of 
zooplankton was found to be extremely limited. 
The survey carried out in July 1984 provided a drastically changed 
situation with an explosion in the Chironanus plumosus population and 
with the development of a healthy zooplankton including Cyclops Sp. 
and Daphnia magna. Osci 1 latoria had become rare while microscopic 
algae had become numerically abundant. It was concluded that the 
marked change in the zooplankton and deep water benthos communities 
was very encouraging but that little change had, or would, occur in 
the littoral fauna until Pol ygonum amphibiuin regeneration took place. 
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7.1 .5. RESULTS OF SURVEYS TAKEN 1981-1984. 
Tables. 7.3 to 7.8 illustrate quite clearly the significant change in 
the fortunes of the various species during the decline to 1983 and 
subsequent explosive revery.. This is illustrated graphically in 
Figure 7.1 to 7.4 which show the relative numerical abundance of 
faunal species during early Spring of these years. 
During April 1981 (Figure 7.1) it is apparent that pollution 
sensitive fauna such as caddis fly and mayfly were absent and that 
Glyptotendipes predominated (with up to 7080 m 2 ) at shallow water 
stations, while Chaoborus occured (at up to 1500 rn 2) throughout the 
deeper water. Chironomus was found in smaller numbers. The 
occurance of Chaoborus appeared to diminish for the-other surveys of 
1981. However the presence of thaoborus at the mud surface depends 
on the turbidity of the water and Figure 7.5 shows a very low 
chlorophyll-a level, probably associated with fairly clear water at 
this time. Thus Chaoborus will probably have resided closer to the 
mud than in more turbid water in October 1981. However all other 
surveys were carried out at times of relatively low phytoplankton 
activity, when similar behaviour would be expected. 
By February 1982 (Figure 7.2) all of the faunal species had become 
severely restricted, with Glyptotendipes and Chaoborus suffering 
most. Reference to Figure 4.4 indicated that this coincided with a 
time of maximum causticity, with a peak pH 10.5 being reached. 
Abundance of C.plumosus, low in 1981, seems to have been maintained. 
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. 1'. 	4 
7. 104 •. 1." .4. 
8 ;  
9 	. 158 3 ,.... .... 
10 3 .1 05 	. . 	 23 .. (1 	itopus) 
11. 	. 4 6 2 5 . 
12 8 .4 : 	13. 
13 	. 1. 31 
14 .. 33 
15 33 
16 3 18 
17 19 1 1 - 1 
19 2 5 1 11 
20 2 	2 21 
21 3 38 
22 1 1 12 
23 4 
24 10 7 1 
25 5 97 1 1 3 
26 460 2 1.. 	82 
27 
28 .-. 	 . 	 7 
29 82 7 
30 3 4 ' 12 
31 4 2 17 
32 13 1 
33 4 23 6 
34 5 1 1 6 1 
35 11 3 15 
36 7 11 




41 4 1 	7 11 
42 10133 5 17 7 	17 
43 4 66 
44 40 8 
45 419 3 
46 14 7 2 2 
47 26 3 2 2 
48 14 177 19 
49 7 2 
50 2 58 3 
51 24 91 
TABLE 7.3. Results of benthi.c invertebrate survey of April 1981. 
A chironcitius F Macropelopia K 	Lin'tnephilus 
B Glyptotendipes G Arcthpelopia L 	Eiseniella 
C Microtendipes H Chaoborus M 	Tubificidae 
D Brillia I Sigara N Enchytraeidae 
E Procladius J Sialis 
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invertebrate: A B CD E F 	H I J K L MN 
station: 
5 .. 	12 5 2 
.6 5 1 	•. 
• 	 7. 9 • . 	 :. 	 . 
.8.. '6 1 
9 6 . •. .. 
10 717 3 
• 	 11 32 1 
12 '3 
13 . 1 
14 
15 . 







24 1 2 	1 1 
25 4 21 1 






32 7 3 
33 6 2. 7 
34 14 2 








43 1 3 
44 1 1 1 
45 3 1 
46 4 1 2 2 
47 4 2 2 
48 12 
49 6 11 
50 3 6 1 
51 236 7 3 
TABLE 7.4. Results of benthic invertebrate survey of July 1981.   
A chironcimis F Macropelopia K Liinnephilus 
B Glyptotendipes G Arctopelopia L Eiseniella 
C Microtendipes H Chaoborus M Tubificidae 
D Brillia I Sigara N Enchytraeidae 
E Procladius J Sialis 
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• 	 invertebrate:A B 	C DE 	F G 	H I 	J 	K 	L 	MN 
station: 
5 	•..3 . .3 
6 5... 1 
I 9 	1 1 . 	 . 	 . . 	 •. 	 . 	 ... 
8 . 	 .. •. : 	 . 	2. 
9.. 	. 2 . 	 1 •• 
10 . 	 .. •. 1 . .2 
11 	•• . .3 11 
12 . 5 •1 
13 1 .8 
14 	. . . 20 
15 . . 
16 6 
17 
19 13 	1 2 
20 2 
21 1 	1 2 
22 2 
23 1 
24 10 	2 
25 186 2 
26 22 5 
27 
28 . 
29 1 3 
30 9 3 
31 3 	1 1 
32 13 1 
33 13 2 (1 cricotopus) 
34 21 
35 9 	1 
36 18 





44 4 	1 1 
45 15 3 2 
46 7 6 
47 13 	1 5 	1 
48 23 13 
49 15 1 
50 
7.5. Results of benthic invertebrate survey of October 1981. 
A chironomus F Macropelopia K Limnephilus 
B Glyptotendipes G Arctopelopia L Eiseniella 
C Mierotendipes H thaolxrus M Tubificidae 
D Brillia I Sigara N Enchytraeidae 
E Procladius J Sialis 
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invertebrate:A B 	C 	D 	E  G H I 	J 	K 	L 	MN 
station: 
5 
• 	 6. . 6.. 
.7. . .4 . . 	 .,. 1. 
• 	 8. 6 	• 2:.. . 
2 1 
• 	 .10. . 4 •• •. 
•11 	. 1• 	. 
12.  
13 	. 1 









24 7 2 
25 95 
26 42 .. 	 . 2 
27 • 	 • 	 •• 
28 
29 1 1 
30 2 
31 6 
32 10 	1 3 
33 9 3 
34 15 
35 8 1 1 





41 • 5 2 	5 
42 1 	128 
43 4 	4 5 
44 15 1 
45 4 	3 	1 2 
46 8 3 
47 5 	1 1 
48 28 9 
49 
50 1 	5 8 
51 3 
TABLE 	7.6. Results of benthic invertebrate survey of February 1982. 
A Chironartus F Macropelopia K 	Limnephilus 
B Glyptotendipes G Arctopelopia L 	Eiseniella 
C Microtendipes H Chaoborus M 	Tubificidae 
D Brillia I Sigara N Enchytraeidae 
E Procladius j Sialis 
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invertebrate:A B C D E 	F 	G 	H 	I 	J 	K 	L 	MN 
staticxi: 
5 
1 . . 
7 2 
8 . 
9 	. 3. ... . . 
• 	 10 •. .. . . 













25 2 1 	 2 
26 26 8 46... 
27 11 40 . 1 
28 
29 7 
30 21 1 1 1 
31 1 
32 
33 8 1 
34 13 1 
35 4 1 
36 1 




41 9 	2 
42 	. 8 1 4 2 
43 23 18 18 24 4 	 6 
44 9 432 1 4 6 
45 1 1 
46 
47 2 1 2 
48 12 1 
49 2 2 
50 3 3 1 1 
51 1 2 1 
TABLE 7.7. Results of benthic invertebrate survey of March 1983. 
A chironaius F Macropelopia K 	Limnephilus 
B Glyptotendipes G Arctopelopia L 	Eiseniella 
C Microtendipes H Chaoborus M 	Tubificidae 
D Brillia I Sigara N Enchytraeidae 
E Procladius J Sialis 
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• 	 invertebrate: A 	B 	C 	D E F 	G 	fl 	I 	J K 	L 	M 	N 
station: 
.2 	• .211.5 20 
5 .. 35. 1 '. 
6 282 :•. 
7 	.. 52 	 . . . 	 . 
8 • 
9 31 	1 	• 2 
10 25 
11 	. 52 2 








21 44 3 
22 4 
23 43 2 
24 38 	 • 1 
25 150 4 2 
26 71 	2 	9 5 .1 
27 34 
28 30 1 
29 18 
30 46 	1 
31 58 
32 24 
33 29 	2 3 
34 50 1 
35 68 
36 32 
37 34 2 
38 37 5 
39 
40 11 1 (1 Eukiefferiella) 	2 
41 14 	4 3 	1 1 3 	4 
42 1 
43 10 	1 5 
44 72 4 	11 16 
45 13 	1 2 5 
46 39 2 
47 
48 24 	1 	4 15 
49 
50 73 	14 	3 16 
51 1 
TABLE 	7.8. Results of benthic invertebrate survey of April 1984.   
A 	chironomus F Macropelopia 	K Limriephilus 
B Glyptotendipes G Arctopelopia L Eiseniella 
C 	Microtenclipes H Chaoborus 	M Tubificidae 
D Brillia I Sigara N Enchytraeidae 
E 	Procladius j Sialis 
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March 1983 shows a similar situation (Figure 7.3) but with Chaoborus 
	
• 	and G lyptotendipés further restricted.. For some reason which is not 
• 
'understood, M icrotendipes, a pollution-intolerant genus appeared to 
• 	have 'begun to colonise certain stations,' even though the mean pH 
• 
remained above 10. -  Stations 26 and 27 were on the route of the 
softest mud travelling from the leachate to 'the deeper parts of the  
loch (Figure 5.3)' bit it was these stations which became colonised. 
With the removal of the leachate in May 1983 the loch began to 
recover rapidly and by April 1984 the pH had dropped to 8.4 and 
chloropéyl 1-a reduced to <10 ug 1-1 . Figure 7.4. shows an explosion 
of C.plumosus of up to 6000 m 2 with a mean over the whole of the 
loch of approximately 1000 m. ôccire rice of Microtendipes had 
decreased to very low levels and Glyptotendipes had not recovered. 
Despite the abundant zooplankton that had developed, providing a 
plentiful prey for Chaoborus, Chaoborus showed no sign of recovery 
with only 3 animals being found. 
It is probable that Microtendipes cannot colonise the loch due to the 
continued presence of toxic metals in the interstitial water of the 
sediment (see Chapter 5.5) and the Chironanus will remain daninant 
for sane time. It would be expected that Chaoborus would return to 
prey on the zooplankton. 
7.2. PLANKTON. 
Plankton samples taken from Kinghorn Loch prior to 1984 have 
consisted almost entirely of Oscillatoria. Zooplankton had remained 
very sparse. Figure 7.5 charts the levels of chlorophyll-a found 
fran 1981 to the end of 1984 and shows the development of very 
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100. 
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FIGURE 7.5. Levels of chlorophyll-a found at the outlet for 1981 to 1984 
substantial blooms. Significant bloats did not occur, above pH 10 and. 
it is possible that carbon may - become a limiting nutrient at such 
high pH. According to Reynolds 39 catbon dioxide would not exist at a 
usable level and phytoplarikton 'growth would' be limited, unless H00j. 
can be used. Even so high productivity could not be maintained. 
Reynolds reported that photosynthetic rates may be maximal at pH 9-
10, although restricted at pH >10 due to the toxic effects of pH per 
se. He considers the reason for this maximal activity to be unclear. 
Oscillatoria may well have an advantage in a stressful situation like 
this by being mobile and able to adjust position, both lateral and 
vertical, to make best use of any bicarbonate available. This 
nobility also allows adjustaentforthe receipt of optimal illumina-
tion in a permanently cloudy body of water. 
The role of phytoplankton on the chemistry of the loch has been 
extensively discussed in Chapters 4.7 to 4.9. The most significant 
feature in Figure 7.5 is the collapse of phytoplanktonic activity 
since October 1983. Although phosphorus input to the loch became 
extremely low, the existence of such an abundant zooplankton, and in 
particular of Daphnia magna, a species found in alkaline, nutrient-
rich environments, must indicate an appreciable nutrient supply from 
the sediment. This supply would be taken by algae which are then 
grazed extensively by the zooplankton. It is generally considered 
that Oscil latoria is not grazed by zooIankton, and the introduction 
of zooplankton cannot explain its collapse. It is possible that 
competition for nutrients with algae and the generally lower level of 
supply may have been contributing factors. 
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CHAPTER EIGHT 
CONCLUSION 
8.1. AQUEOUS INPUTS '10 THE LOCH. 
Water is retained in Kinghorn Loch for an average 245 days. During 
the period of study the water body was found to be generally well 
mixed with only occasional stratification during particularly 
prolonged periods of calm, warm weather. The mean flow of the north 
inlet (past Craigencalt Farm) was 15.3 1 s_ i of which it was 
calculated that 25% originated as groundwater from basaltic tuff 
aquifers. This inlet contained a substantial level of nitrate (7.3 
mg 1_1) and of dissolved silica (4.3 mg as Si) and was quite 
"hard", with a calcium level of 43 mg 1 -1 and with magnesium at 22 n 
1_1. It possessed a naturally high pH value of around 8.1. Because 
of the irregular discharge of water from the loch via the penstock it 
was difficult to calculate the ingress of non-discrete native water 
to the loch but it was calculated that 32±14 % of incoming water was 
fran such sources. It was considered that, as all non-discrete 
percolate will have originated on basalt or basaltic tuffs, its 
chemistry would be similar to the north inlet water. However several 
local springs rising on the lower edge of the basalt were known to be 
of high sulphate and sodium content and any significant proportion of 
this composition of water wouldcause significant errors in the 
calculation of losses of material to the sediment. Many of these 
springs may represent water polluted by red mud leachate or from the 
mining activities of the nineteenth century. 
The interstitial water of the red mud, from which the leachate was 
derived, was known - to be clear, colourless and low in organic 
material. During its progress from the tip the leachate dissolved 
substantial quantities of soil organic matter to impart a deep brown 
colour and, at the same time, substantial quantities of aluminium 
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were lost from the leachate. This loss represented sane 1000 mg i 
with the final concentration in the emergent leachate being between 
11 and 240 mg 1_1.  It is proposed that such a loss occured by 
solubil isation of soil-derived silicon (silt or sand) with subsequent 
subterranean deposition of scxlalite or zeolite-type minerals. 
It was estimated that the leachate became diluted with five times its 
volume of native water prior to reaching the loch. The leachate was 
the prime contributor to the loch of causticity, arsenic, vanadium, 
aluminium, phosphorus (as orthophosphate), sodium, and sulphur (as 
sulphate) while the native water provided calcium, magnesium and 
silicon. Neither input contributed substantial quantities of organic 
matter. Red mud solids, washed in with the leachate, provided 
virtually all of the iron contained in the loch. The ratio of 
leachate to combined native water inputs was approximately 1:7.7. 
By 1983 the pH of the loch had risen to a mean of 10.1 and suffered 
intense phytoplanktonic blooms, consisting almost entirely of 
Oscillatoria, with little zooplankton or diatoms present. The 
invertebrate population had decreased rapidly and while Chaoborus had 
been abundant in 1981, it had become virtually absent. The abundance 
of the dominant invertebrate, larvae of Chironomus plumosus, had 
decreased greatly and littoral flora had largely disappeared. 
Although ingress of the leachate had begun in 1954, significant 
quantities did not enter until 1961 when the pH began to increase. 
This rise accelerated after 1978 so that by 1983 the mean pH exceeded 
10.1. By this time Kinghom Loch carried by far the highest 
concentration of dissolved arsenic (and undoubtedly vanadium) of any 
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watercourse in the United Kingdom, being sampled at 500 ug 1 -1 
(compared with a normal unpolluted level of 5 ug 1 -1 ).  
The inlet waters, leachates and loch water were sampled on a weekly 
basis from 1981 to 1983 in order to obtain an estimate of the losses 
of material to the sediment. This sampling frequency gave an 
estimate of long-term concentration to within 10%, but only to 20% 
for flow related loadings. Calculated losses to the sediment proved 
to be well in agreement with the elemental levels found in the 
sediments, and allowed the identification of additional atmospheric 
inputs and of losses from the sediment-water body system. All 
determinands contained within the loch water were surprisingly poorly 
correlated, and (for instance) chlorophyll-a could not be related to 
nutrient status. Although the water was generally well mixed, local 
reduction zones occured and these were characterised by low dissolved 
oxygen and very high electrical conductivity, dissolved calcium, 
magnesium, aluminium, arsenic and iron. Alkalinity was elevated and 
free sulphide occured. 
A thermodynamic equilibrium mathematical model was developed in order 
to calculate the aqueous speciation of determinands within the loch, 
and to determine which minerals could potentially be formed. The 
model was based on WATSPFX2. The WATSPEC core was linked to 
procedures to allow the input of mixing waters and included 
instantaneous adjustment of pH and alkalinity. Following speciation, 
procedures were employed for the deposition of minerals that the 
model indicated could be formed. Despite various modifications, 
intended to model kinetic considerations, it was' concluded that 
insufficient data was available concerning kinetic mechanisms to 
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allow any meaningful considerations to be given. The exercise 
indicated the severe limitations that exist in attempting to apply a 
thermodynamic model to the real system, and the apparent total lack 
of usable kinetic data. WATSPEC is said to require input data at a 
precision of better than 5% for accurate speciation, and it is 
evident that the long-term mean data for the loch., even with such an 
intense sampling programme, did not meet this criterion. 
The model was used to determine starter concentrations and pH for 
various laboratory experiments, in order to avoid possible 
precipitation of particular minerals during the experiment, and in 
this context it was successful. 
The processes which controlled aqueous chemistry within the loch were 
the formation and sedimentation of calcite and the prolific 
phytoplanktoñic activity. Both processes led to the mineralization 
of various lesser components of the aqueous system. By 1983 it was 
observed that sedimentation was impeded by the surface charge 
repulsion at such high pH values, and phytoplanktonic debris was 
subtantial1y degraded prior to reaching the mud-water interface. 
It was considered that at least 60% of the carbon derived from 
phytoplanktonic activity was recirculated by degradation prior to 
reaching the sediment. It appeared that virtually all of this carbon 
was obtained directly from the atmosphere and not from carbonate 
derived from the leachate. Most of the carbonate used for calcite 
formation was leachate derived although Figure 4.8 indicates that at 
least some of the calcite was of biogenic origin or that the 
carbonate ions had been biotical ly generated. Uptake of atmospheric 
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carbon dioxide to the water body was of minor importance with regard 
to the inorganic chemistry and the lack of equilibrium with the 
atmosphere was evident, and predicted by. the model. 
8.2. LOSSES '10 THE SEDIMENT. 
Laboratory experiments indicated that calcite production occured 
without the inclusion of humic materials and proceeded by second 
order kinetics. This order would suggest that interference occured 
to prevent crystal growth by spiral dislocation and that growth was 
related to surface area. Magnesium, phosphate and sulphate inclusion 
are known to interfere in this way (Reddy 63' 64). Silicon, magnesium 
and aluminium were lost to the sediment in the proportion of 1:2.8:5, 
indicating the probable formation of mixed layer clay minerals, 
possibly of chlorite-montmorillonite type containing brucite layers 
(Weaver & Pollard105 ). Laboratory experiments suggested that the 
rate of formation and sedimentation of clay minerals was independant 
of calcite production and that co-precipitation processes were riot 
daninant. 
Phosphorus and nitrogen- were probably lost to the sediment by way of 
phytoplanktonic debris, although phosphorus may also have been 
chemisorbed onto hydrous iron oxides or included as surface complexes 
on calcite. Arsenic and vanadium are readily soluble at high pH but 
nevertheless were removed to the sediments. Arsenic becomes 
concentrated in plankton and may well have been taken to the 
sediment in debris. The ultimate sink in the sediment would be on 
hydrous iron oxides and this may have occured within the water body. 
Vanadium was most likely to have been lost by sorption onto hurnic 
solids. 
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It was estimated that 80000 kg of authigenic calcite and 40000 kg of 
authigenic clay minerals reached the sediment each year along with 
26000 kg of organic material derived from phytoplankton. In 
comparison detrital inputs were estimated to total 20000 kg, 
comprising wweathered rock products, iron and clay minerals from red 
mud and some humic matter. The mean total deposition rate for 1981-
1983 was calculated to be 1.5 kg nr 2 yr 1 . 
8.3. SURFICIAL SEDIMENTS. 
Surficial sediments within the deeper parts of the loch were found to 
consist of very fine thixotropic muds of high moisture content. The 
most liquid muds were found around the leachate entry and a 'slick' 
of wet mud progressed fran this area toward the deepest part of the 
loch. Moisture contents were high in 1981, but became progressively 
higher until the removal of the leachate in 1983. The effect of this 
progression and its ultimate reversion during the recovery of the 
loch was evident in the volume of the upper parts of the sediment 
cores and was related to prevailing pH and ionic strength. 
Larger particle sized material was richer in silicon (presumably 
detrital quartz) while the finest particles appeared deficient in 
calcite and possibly richer in organic material. Clay minerals were 
distributed throughout the sizes. 
8.4. SEDIMENT (DRE PROFILES. 
Organic matter throughout the core profiles was found to be degraded 
to a considerable degree, although apparently fresher in shallower 
water away from the leachate entry. The C:N ratio indicated a high 
degree of humification, probably occuring mainly within the water 
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/ 
Because of the thixotropic nature of the sediment it was not possible 
to obtain interstitial water by normal techniques. Eventually it was 
decided to obtain water from thawed samples after deep freezing, 
while maintaining oxygen-free conditions. Investigations into the 
effect of the treatment failed to find significant error, although 
the alteration of surface characteristics and physical environment so 
caused, was undoubtedly profound. 
Redox potential was measured in the cores, and the potential was 
found to become negative within approximately 20 mm of the sediment 
surface. The electrometric potential so measured is sensitive to 
iron and arsenic transformations but not to the C-H-N-S-C processes 
(Drever77 ). However this appeared adequate to indicate extremely 
reducing conditions in the cores. At such high pH values many trans-
formations occur below the -250 mV minimum instrument reading (see 
Figure 5.26). The interstitial water chemistry indicated that 
reduction processes were occuring. It would appear from the results 
that methane fermentation was a primary process, resulting in the 
solubilization of calcite, which would act as an acidity regulator, 
the process being otherwise subject to acidity limitation. Although 
nitrate and iron were involved in reduction reactions, sulphate was 
never fully reduced and this was due to the lower Eh required at 
elevated pH. Reduction processes were characterised in the inter-
stitial water by high levels of iron, calcium, aluminium and arsenic 
with low nitrate and the occurance of free sulphide. 
Cluster analysis provided relativity within and between the cores. 
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The grey zones in cores 14 and 39 appeared to be composed of fine 
sediment and not visually related to the dark fibrous "native" 
material below. However these zones proved to be poorly correlated 
with the similarly textured material above, but well correlated with 
the fibrous material. 
It is considered that the grey zones represented a time 
(approximately 1954-1965) when phytoplanktonic activity had increased 
due to the phosphorus input of the infant leachate. Such activity 
will have limited macrophyte growth but substantial calcite and clay 
mineral formation was not yet occuring. During this time • a 
substantial supply of manganese and sulphur was available from the 
fibrous "native" material, with additional sulphur coming from 
leachate-derived sulphate. Pyrite is often considered to form under 
such conditions (Berner 8, Howarth' 27) and this grey colour indicates 
the occurance of substantial quantities of pyrite. Despite the high 
sulphate input of the leachate substantial quantities of sulphur have 
not become available in more recent times because of the rising pH, 
and therefore once this transition zone became buried, further 
substantial pyrite formation would not be expected to occur. It 
appears from the horizons found within the manganese and acid 
volatile sulphur profiles that this original sink of manganese and 
sulphur continued to provide the upper parts of the cores with a 
limited supply of these elements. 
The proportion of calcite in the red/red-brown parts of the cores 
increased steadily from 1962 onwards with an increasing flow of 
leachate entering the loch. Strontium correlation with calcium 
indicates that essentially all of the calcium was present as calcite. 
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It would appear that the type of clay minerals present changed 
considerably from the early 1960's to 1983. Initially silicon was 
the dominant clay forming element. As the pH increased this 
dominance gradually disappeared and, with the pH ultimately exceeding 
10.1, magnesium became dominant. It is probable that a 
nDntIrcril lonite mineral will have formed with a high silicon content 
but, as the water became supersaturated with respect of brucite, 
mixed layer chlorite-montmorillonite may have formed with brucite 
layers. 
The correlation of rubidium and potassium with silicon indicates a 
gradual change in clay mineral character with a supply of suitable 
lattice positions decreasing in approximately the same proportion as 
the silicon content. The correlation of zinc with silicon indicates 
the presence of a moderately constant proportion of a zeolite or 
similar mineral within the clay content. Aluminium and silicon were 
found to be inversely correlated in the interstitial water and this 
provided evidence for an active equilibrium operating between the 
aqueous phase and the authigenic clay mineral phase. 
Vanadium and arsenic show surficial enrichment in the sediment and 
are evidently mobilised by reduction-oxidation processes affecting 
iron oxides. Arsenic is deficient in the sediments and is probably 
released continuously from the sediments as arsines. 
Sedimentation rate was calculated by 1 37 Cs and 21  OPb radionuclide 
dating. Because of the turbation of the sediments and lack of 
suitable substrate 137Cs dating was unsuccessful. 210 Pb dating 
predicted a deposition rate for the "native' sediment of 1.5 mm yr 1 , 
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and the data supports a mean sedimentation rate for 1962-1983 of 15.7 
m yr 1 . it was calculated that this rate varied from near 2-5 mm 
yr in 1962 to 25 m yr in 1983. Several problems existed in the 
application of 210Pb dating to this system but it is considered that 
data manipulation procedures used (Chapter 5.6) compensated 
reasonably well for these. 
8.5. RECOVERY. 
After the removal of the leachate in May 1983, the quality of the 
loch water improved rapidly. This was due, at least in part, to the 
dradown of the water surface during sluice renovation work, followed 
by a rapid refilling with the winter run-off. However, despite a 
lowering of the pH to that of the north inlet, the survey of April 
1985 showed that a considerable amount of arsenic was potentially 
available to the interstitial waters within the upper parts of the 
cores, and thereby to the body of the loch. In consequence the water 
body only narrowly complied with the Environmental Quality Standard 
(EQS) of 50 ug .1_1 applied to freshwater fisheries. it is likely 
that this release will continue for several years. The core taken in 
1985 showed continuing redox reactions within the interstitial water 
although the Eh had improved throughout its length. Analysis showed 
that the plankton population that had grown up in place of the 
rampant Oscillatoria blooms did not concentrate arsenic and neither 
did the invertebrate population. Thus the plans of Kirkcaldy 
District Council to stock the loch with rainbow trout can be safely 
supported, although further arsenic (and vanadium) surveys should be 
undertaken during calm, warm weather. The number of invertebrate 
larvae in the sediment had increased greatly and, although presently 
not diversified, must be a good indication for the rehabilitation of 
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the loch. The lack of any problems with regard to phytoplankton 
activity indicates that the loch water had reverted to an 
oligotrophic state. Surprisingly, Chaoborus, which would have been 
expected to rapidly recolonise the loch with the advent of abundant 
zooplankton prey, has not done so. It is probable that the drastic 
decline in numbers from 1982 to 1983 left an insufficient number of 
individuals to affect such a recovery. 
8.6. FUTURE INVESTIGATIONS. 
Considerable effort is still required in order to elucidate the clay 
mineralogy of the loch. The sediment is relatively free of detrital 
input and provides a unique opportunity for testing a theory of 
authigenic clay mineral production over a very short geological time 
scale. This is in contrast to the efforts of other workers currently 
researching this subject (e.g. Mackin & Aller' 00 ), operating in 
relatively dirty -situations where the authigenic component is minor 
relative to detrital input. 
A similar situation exists concerning the theory of pyrite formation 
(Berner 8 , Howarth' 27 ) and the advantages of such a study in 
Kinghorn Loch are again evident. 
The natural aquatic chemistry of vanadium has been neglected, and 
interest in its toxicity is very recent, with the situation currently 
being reviewed by the Water Research Centre under contract to the 
Department of the Environment. The sediments of Kinghorn Loch 
continue to provide a natural situation of high aquatic vanadium 
content, for the study of vanadium speciation, as does the Kirkton 
Burn, currently exposed to leachate ingress. 
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An ongoing monitoring programme is needed to ensure that no toxic 
effects are encountered in the stocking of Kinghorn Loch with rainbow 
trout. Arsenic and vanadium are likely to continue to be released 
from the sediments for some years. 
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CHAPTER NINE 
ANALYTICAL PROCEDURES 
9.1. CHEMICAL ANALYSIS OF AJEDUS SAMPLES. 
All chemicals used were of analytical quality grade unless stated 
otherwise. All water was once-distilled using a glass bodied still 
fitted with an all-glass receiving and collection system.. Distilled 
water' used for the analysis of metal ions was deionised prior to use. 
9.1.1. SAMPLING AND PRE-ANALYSIS. PREPARATION. 
9.1.1.1. SAMPLING PROCEDURE FOR "ROUTINE" DETERMINANDS. 
Samples were collected on a weekly basis fran January 1981 to provide 
analytical data on the leachate entering Kinghorn Loch, the north 
inlet and the loch outlet, and irregularly for water body stations. 
Samples were taken in 1000 an 3 glass bottles (250 cii for water body 
stations) provided with pelypropylene screw caps. The bottles were 
cleaned in 50% v/v chromic acid solution and thoroughly rinsed and 
drained prior to use. Samples were taken at mid-depth in running 
water or at 0.3 m for loch water at the outlet. All bottles were 
twice rinsed with sample prior to collection proper. All, bottles 
were filled to within 5 mm of the cap. Water body sampling at various 
depths was achieved using a Cassela-type sampler suspended on a line 
marked in m. The sampler consisted of a weighted cylinder containing 
the sample bottle and capped with a cap containing two tubes. The 
central tube entered the bottle with the outer tube raised above the 
level of the cap. The tubes were sealed with silicone rubber bungs 
which, at the required depth were remotely removed allowing water to 
pass through the bottle until the sampler was filled. 
Where sub-samples were required for the determination of dissolved 
oxygen or dissolved sulphide, 125 cm 3 glass bottles fitted with 
polypropylene stoppers were used. The sample bottle was filled 
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without entraining air and stoppered. Preservation of the deter- 
minand was carried out immediately. For dissolved oxygen this 
involved adding 1 	cm3 50% w/v manganese(II) sulphate solution 
followed by 1 an3 alkaline iodide solution(150 g KI + 700 g I)H 11) 
and stoppering so as to exclude all air 155. Sulphide was preserved 
by adding 1 cm3 0.5 M zinc acetate solution followed by 1 an 3 0.75 M 
sodium carbonate solution 156 and stoppering so as to exclude all air. 
The sub-samples were inverted several times and, on return to the 
laboratory, analysed immediately or stored in a cool, dark place and 
analysed within 24 hours. 
Sub-samples for chlorophyll-a determination! 57  where filtered on 
station by the use of a hand pump. 30 cm 3 was used if a phytoplan-
kton bloom was evident and 200 an 3 if absent. A blank filtration 
using distilled water was always carried out and this was followed by 
duplicate filtrations of the sample. Each was filtered through a 
0.45um membrane, with 0.2 an 3 of a suspension of 10 g 1 1 magnesium 
carbonate being added to the last few an 3 in the filter funnel. 
After filtration the membrane was inserted into a 30 an 3 screw cap 
(P'IPE coated silicone rubber insert) test tube and 5 an 3 90% v/v 
acetone in water added. The tube was thoroughly shaken and agitated 
to get the membrane to the bottom of the tube. The tubes were 
wrapped in a piece of aluminium foil and after return to the 
laboratory kept at 40C for 24 hours prior to analysis. 
Instantaneous flow was recorded by reference to gauge boards (at 
north inlet and below loch outlet) or by depth of water flowing over 
a 'V' notch weir for the leachate [and later the west inlet (same 
discharge point)]. Flow at the north inlet during low flow 
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1 
C 
conditions was measured by timing the collection of 20 1 of water 
exiting the mill lade.. 
Samples were returned to the laboratory within two hours of col lec-
tion (exept for evening samples which were stored in a cool, dark 
place overnight). Preparation for analysis was immediately under-
taken according to the procedure outlined in Figure 9.1 for leachate, 




filter GFC 	- 
I 	I 	- I 	.1 
1OQ 1OQ 55. rest 




analys 	1 25an3 àan3 	125an3 
immediately p.b. 	p. b. p. b. 
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B Fe Mg 
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FIGURE 9.1. Pre-analysis division of samples for leachate, 
inlets and loch at outlet. Notes: p.b.=polythene/çolypropylene 
bottle, prewashed as necessary, g.b.=glass bottle - use 
existing sample bottle, *=acidify leachate at i 3/100cm3 , 





























dissolved dissolved 	suspended dissolved 
Al 	alkalinity solids 	oxygen 
Fe 
FIGURE 9.2. Pre-analysis division of samples for water body 
stations. Note: p.b.=polythene/polypropylene bottle prewashed as 
necessary. 
Many workers consider that material passing a 0.45um membrane may be 
considered to be dissolved. This assertion is in part due to a 
necessary compromise because of the difficulty often experienced in 
passing raw water through a finer membrane. However Kennedy et a1 158 
found that fine-clay sized particles can pass a 0.45pm membrane and 
cause major errors in the determination of "dissolved" aluminium, 
iron, manganese and titanium at trace levels. Wagemann & 
Brunskil1 59 investigating the effect on "dissolved" iron, aluminium, 
silicon and magnesium found that, while silicon and magnesium were 
unaffected by pore size, iron and aluminium (at 0.5 mg i_ i and 0.1 mg 
11 respectively) were reduced by approximately half when filtered at 
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0.1)-lm rather than 0.45pm. Thus it was decided that for these two 
metals filtiation should be carried out using 0.1)lm membranes. In 
practice it was found that difficul-ty with filtration occured only 
with water from the loch and only then at times of planktonic 
activity. 
9.1.1.2. SAMPLING PROCEDURE FOR TRACE METAL ANALYSIS. 
On occasions during the study analysis was carried out for trace 
metals other than routinely determined total arsenic and vanadium. 
Samples of leachate were collected in 1 1 polythene or polypropylene 
bottles fitted with unpigmented polypropylene screw caps while inlet 
and loch water samples were collected in 10 1 polythene bottles. All 
bottles were previously steeped in 50% v/v nitric acid solution for 
24 hours, thoroughly rinsed with deionised water and drained. 
Immediately upon return to the laboratory samples intended for 
dissolved inetal analysis were filtered through previously acid and 
water washed glass fibre discs and then through 0.1)lm polycarbonate 
filter membranes. Samples of leachate were adjusted to pH2-4 with 
1 M spectrophotanetric grade hydrochloric acid. 2 cm 3 1 spectro-
photanetric grade concentrated hydrochloric acid was added to all 
samples as preservative160 to await analysis. All samples were 
evaporated on a hotplate to approximately 80 an 3 in acid washed 
beakers covered with watch glasses. Acidified deionised water was 
similarly treated. Care was taken to avoid further volume reduction 
due. to the risk of etching alumina anti-bumping granules. Samples 
were made to 100 an3 with deionised water and stored in acid-washed 
125 all3 polypropylene bottles with unpigmented caps. This procedure 
achieved a concentration of north inlet and loch water of 100 times 
and of leachate of 10 times. Prior to mid-1984 samples were analysed 
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by flame atomisation Atomic Absorption Spectrophotometry except for 
cadmium and lead which were determined by graphite furnace atomis-
ation. After this time Cd, Pb, Ni, Cu, Cr and Mn were all determined 
by furnace except for total Mn and Zn. 
9.1.2. ANALYTICAL PROCEDURES FOR AQUEOUS SAMPLES 
Techniques reviewed in this section are those generally applied by 
water pollution laboratories and are described in a number of 
authoritative text books. Thus, only the general principle of 
analytical technique, together with modifications applied during the 
study, will be given. Relevant catment such as possible interference 
will also be covered. The main reference is given immediately 
following the determinand name. 
9.1 .2.1. OXYGEN DEMAND. 
Dissolved 9xygen155. All routine measurements were carried out by 
"fixing" a sub-sample on station as manganese(III) oxyhydroxide by 
adding manganese(II) sulphate and alkaline iodide. On the addition 
of sulphuric acid iodine is released which is titrated against sodium 
thiosuiphate solution. The percentage saturation of oxygen in the 
water may then be calculated by reference to tables at the particular 
sampling temperature. No correction was made for ionic strength of 
the loch water - error from this source being insignificant. Inter-
ference by nitrite was avoided by the addition of sodium azide to the 
alkaline iodide. Some of the water body surveys were executed using 
a dissolved oxygen sensitive probe giving automatic temperature 
compensation and direct readout. it is the experience of the author 
that the use of such in the field can generate bias in excess of ±10% 
(at 95% c.l.) and field readings were always checked against "fixed" 
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sub-samples determined by titrimetry. 
Biochemical Oxygen Dand1 61• B.O.D. 5 is a determination of the 
oxygen depletion within a sample held in darkness at 20 0C for 5 days 
due to carbon assimilation by microorganisms. Samples of water from 
the loch, required an initial adjustment of pH with orthophosioric 
acid to pH 6.5-7 and, a microorganism seed to be added by way of a 
spike from the effluent of a good quality sewage treatment works. 
Capsules containing suitable cultures for seeding are also now 
available. Excessive variation in pH was avoided to allow the loch 
water to retain its own suite of microorganisms as far as possible, 
since these would be acclimatised to the potentially toxic metals in 
the water. BOD 5 was determined with the addition of a 1 ly 1 thiourea 
to suppress demand from the oxidation of ammonia. Because. 
Nitrosc*iionas may or may not be present and because it is slow to 
culture, this suppression improves the precision of the method. Due 
to the potentially toxic materials in the loch the reliability of the 
method must be brought into question.' The BOD 5 is predainantly 
derived from the breakdown of phytoplankton in the sample during the 
test. 
Chemical Oxygen Demand 162 and Permanganate Value-163 alue-163 	 These deter- 
mninations have been referred to in the text and references should be 
consulted for procedure. 
9.1.2.2. RYIENTIOMERIC DETERMINATIONS. 
pH Value1 64•  pH was determined using a Radianeter PHM 63 meter with 
direct digital readout. The combination electrode was calibrated 
against pH4 (phthalate), pH7 (orthophosphate) and pH9 (borate) 
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buffers, the exact pH of the buffer at ambient temperature being 
noted from tables in the stated reference or supplied with the 
buffer. 
Electrical Conductivity 164. This was determined using a Radianeter 
DM 3 conductivity meter. The meter was calibrated against 0.1 M 
potassium chloride solution, the conductance of which was obtained 
from tables for the ambient temperature. Precision is considered to 
be much better than 5%. 
Fluoride 165. Fluoride was determined using an ion selective 
electrode with a separate standard calomel reference electrode. The 
method is sensitive to interferences, particularly hydroxide calcium, 
iron and aluminium but the use of a suitable buffer containing CDTA 
(trans- i , 2, diamino-cyclohexane-N,N,N' ,N' -tetra-acetic acid) can 
overcome these. Even so under certain circumstances of high alumin-
ium its effectiveness, and the effect of ionic strength is ques-
tioned20. In Chapter 4.6. a considerable discrepancy was seen in the 
observed as against the expected concentration of fluoride in the 
loch water and it seems likely that the apparent fluoride 
concentration in the leachate is a gross under-estimate. 
9.1.2.3. GRAVIMETRIC AND TITRIMETRIC DETERMINATIONS. 
Alkalinity 166. Alkalinity was determined by titrating the sample 
against a standardised 0.05 M sulphuric acid solution to pH 4.5. The 
sample must be stirred and the titration carried out slowly enough 
for carbon dioxide to be released from solution. For the deter -
mination of alkalinity in the leachate it was necessary, after 
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recording the pH, to dilute the sample to 1/10 strength prior to 
titration. Alkalinity is conservrd and so the alkalinity of the 
leachate is given by multiplying the recorded figure by 10. 
Suspended Solids and Ash1 67•  This procedure involves the removal of 
suspended matter from the sample onto a pre-washed, pre-weighed glass 
fibre disc (grade C) by vacuum filtration with subsequent drying at 
1050C and reweighing. The disc must be wetted with water prior to 
addition of the sample. A modification was applied to analysis of 
the. leachate whereby the sample was filtered through two discs 
instead of one. The result for dissolved solids retained by the 
lower disc was subtracted from that for the upper disc in order to 
obtain the result for suspended matter only. It is essential with 
high dissolved solids samples to pre-wet the glass-fibre thoroughly, 
in which case it is found that the uptake of dissolved salts is 
adequately .  limited. For the determination of ashed suspended solids 
the suspended solids were filtered onto pre-ignited and pre-washed 
and weighed discs. After determining suspended solids the discs were 
ignited at 5000C for the determination of ash. 
9.1 .2.4. MANUAL SPEC)PHGIOME'flUC DETERMINATIONS. 
Sul phide' 64  A fixed sub- sa.mp le prepared as described under Chapter 
9.1.1.1 was allowed to settle and the clear aqueous phase carefully 
removed with a Pasteur pipette. The bottle was filled with water, 
stoppered, inverted several times and settled. The aqueous phase was 
again removed and the sample made to 100 ad with water. The bottle 
was inverted several times to disperse the suspension. Aliquots 
(either 5 an 3 or 20 an 3 depending on expected concentration) were 
taken and determined by the formation of methylene blue which was 
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measured spectrophotanetrica lly. During mid-1984 the procedure was 
modified to use the DPD (ethylene blue) methcd) 56 which is consider-
ably more sensitive. This method was used for the analysis of all 
interstitial waters. Zinc (at >0.5%) suppresses response at low 
levels of sulphide and it is important to use the correct quantity of 
sodium carbonate during fixing and to wash the precipitate as 
described. 
Chlorophyll-a157. Replicate samples and blanks were pre-treated and 
preserved as described in Chapter 9.1.1.1. Each sample consisted of 
a small amount of solid removed on station by filtration onto a 
membrane buffered with magnesium carbonate, and steeped in acetone in 
a screw cap tube. The tubes were retained at 4 0C wrapped in 
aluminium foil for 24 hours prior to analysis. The acetone extract 
was made to 15 cm 3 and the solids-removed byuse of a centrifuge. 
The determination procedure contained in the reference was followed. 
Due to the three dimensional spatial distribution of plankton in the 
loch it is evident that a sample taken from the outlet area at a 
single depth is grossly inadequate. However, it was not possible, 
given the timescale and pressure of work, to present anything more 
than a cursory indication of the state of phytoplanktonic activity in 
the loch at any one time. - 
9.1.2.5. AIR SEGMENTED CONTINOUS FLOW AUTOMATIC ANALYSIS WITH 
PHOTOMETRIC DETECTION. 
The principle of this operation is covered by an essay review by the 
Standing Caninittee of Analysts (EOE/NWC)168. - The laboratory of the 
FRPB in which these determinations were performed uses a Technicon 
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AutoTnalyzer II system. 
Following the pre-analysis preparation of samples from this study, 
samples were, as far as possible, incorporated into the normal 
workload operation of the instrument. Results were entered to the 
computer archive system by the analyst; whose valuable assistance is 
greatly appreciated. 
Oxidised nitrogen 169 Nitrite was determined by diazotisation and 
coupling with sulphanilamide. Nitrate was autanatically reduced to 
nitrite by hydrazine-copper reagent prior to diazotisation and the 
nitrate result obtained by difference. 
?mnniacal nitrogen1 70• Ammonia was reacted with sodium hypochiorite 
to form monochioramine which reacts with phenol and sodium 
nitroprusside to form indophenol-blue which was determined 
colorimetrically. 
Chloride17'. Chloride releases thiocyanate ion from its mercury(II) 
salt which forms a red compound with iron(III). Thus colorimetric 
determination of the iron(III) thiocyanate is directly proportional 
to chloride content. 
Silica 172 and orthophosphate 173 were determined by procedures 
generating silico- and phosphoronoly1xenum blue respectively. Only 
"molybdenum reactive" silca is determined - this being monomeric, 
dimeric and to some extent lower, polymeric silicic acid and 
silicates. 
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Boron1 74•  Boron was determined by the colorimetric measurement of a 
yellow 1complex formed by the reaction with azomethine-H [a 
condensation product of H-acid (8-aininonapth-1-ol-3,6-disulphonic 
acid monosodium salt) and sa licy la idehyde). Background correction for 
sample colour was essential. 
Sulphate1 75.  Dissolved sulphate was precipitated by 2-aminoperisnide 
and the excess reagent dialysed and measured at 520m. 
9.1 .2.6. ATOMIC ABSORPTION SPE flOPHCY1DMERIC DFFERMINATION. 
AAS is a standard technique for the analysis of metals and its 
principle of operation is covered in an essay on the subject issued 
by HMSO1 76•  All the determinations undertaken were performed on an 
Instrumentation Laboratories 1L357 equipped with 1L254 autosampler 
except for Al and As which were determined on an 1L151. Some trace 
metal analyses performed after mid-1984 were carried out using an IL 
Video 11 instrument. Prior to mid-1983 Mn, Cu, Cr, Cd, Ni, Pb and Zn 
were determined by flame atcinisation on solutions concentrated 10x by 
evaporation. Between mid-1983 and mid-1984 Cd and Pb were determined 
by electrothermal means using a 1L655 furnace atomisation accessory 
and after this date all these trace metals, and Al at trace level, 
were determined by a similar process without pre-concentration. 
Prior to mid-1984 background correction was by means of a deuterium 
arc lamp after which time Smith-Hieftje correction was employed. A 
consideration of these techniques is given by Sotera & Kahn 177 , 
obtainable through Instrumentation Laboratories. 
Following the pre-analysis preparation, samples for Ca, Mg, Na, K, Fe 
and As were, as far as possible, incorporated into the normal 
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workload operation of the instrument. Results were entered to the 
cciputer archive system by the analyst whose valuable assistance is 
greatly appreciated. 
Table 9.1 sets out conditions for the determination of the metals 
concerned. Further details are contained in the working manuals for 
the instruments and also (for flame atomisation) through HMSO for. 
Ca178, Mg179, Na180, K181 , Fe and Mn182 . 
EiementDigestion Pre- 	Wavelength Mode 	Canrrent 
technique treat. (run) 
Ca 1 %HC1 1% La 422.7 AA-Ab 
Mg ditto 1% La 202.5 AA-Ab 
Na ditto none 330.2 AA-Ab 	dilute leachate 
K ditto none 766.5 AA-Em 
Fe 4%HC1+boil none 248.3 AA-Ab 
Mn 2%HNO3+bil+ none 279.5 AA-Ab-B 
1 Oxconcentrate 
Cu ditto none 324.7 AA-Ab-B 
Cr ditto none 357.9 AA-Ab-B 
Ni ditto none 232.0 AA-Ab-B 
Zn ditto none 213.9 AA-Ab-B 
Mn 2%HNO3+bDil none 279.5 EA-Ab-B 
Cu ditto none 324.7 EA-Ab--B 
Cr ditto none 357.9 EA-Ab--B 
Ni ditto none 232.0 EA-Ab-B 
Cd ditto none 228.8 E-Ab-B 
Pb ditto .05%La 217.0 EA-Ab-B 
V 4%HC1+boil 	to lOOpçm Al 318.5 AA-Ab-B 
Al ditto none 309.3 NA-Ab-B dilute leachate 
As 2%HC1+1il 	reduce As(V) 193.7 HG-Ab-B dilute leachate 
TABLE 9.1. Conditions for MS determination of metals. 
AA= air acetylene flame, NA= nitous oxide acetylene flame, 
HG= hydride generation with argon hydrogen flame, 
EA= electrothermal atomisation, Ab= absorption, Em= emission, 
B = background correction 
9.1.3. STATISTICAL APPRAISAL OF ANALYTICAL PROCEDURES. 
Table 9.2 presents information of the performance of these method- 
ologies. Data is taken from quality control within the analysing 
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Parameter Sample standard limit of units notes 
conc'n deviation detection 
oxygen all 0.05-0.1 0.2 mg/i (a) 
BOD to 6 0.25 0.5 mg/i (b) 
pH 4-11 0.02-0.05 --- (b) 
F 0.1 .001-.006 0.01 rrr3/i (a) 
5 .027-.16 
alkalinity 424 1 	1 5 mg/i (a) (b) 
1060. 2.1 CaCD3 
,susp.soiids 43 2.8 2.5 rug/i (a)(b)100 an3 sample 
ash 14 0.2-1.4 2.5 mg/i (a)(b)100 ad sample 
sulphide. 0.5 mg/i (b) by methylene blue 
0.05 0.0018 0.005 mg/i by DPD 
chlorophyll 10 ugh  
nitrate 1 0.05 0.1 mg/iN (b) 
9 0.15 
nitrite 0.1 0.01 0.01 mg/iN (b) 
0.9 0.02 
ammonia 0.2 0.02 0.04 mg/iN (b) 
1.8 0.06 
chloride 20 0.7 1 rug/i (b) 
180 1.6 
silica 1 0.06 0.1 mg/i (b) 
8 0.07 Si02 
borate 0.1-1 0.02 0.04. mg/lB (a)(b) 
4 0.04 
sulphate 23 0.67 2 mg/iS (b) 
46 0.76 
aluminium.  . 0.5 mg/i (b)(c)(d) 
arsenic not available 
cadmium 0.005 rig/i (c)(d) 
calcium 0.005 mg/i (c) 
chrcinium 0.03 mg/i (c)(d) 
copper 0.01 mg/i (c).(d) 
iron 0.01 rug/i (c) 
lead 0.05 mg/i (c)(d) 
magnesium <0.002 mg/i (c.) 
manganese 0.005 mg/i (c)(d) 
nickel 0.02 mg/i (c)(d) 
potassium 0.004 mg/i (c) 
sodium 1 rug/i (c)(insensitive w.l.) 
vanadium 0.3 mg/i (c) 
zinc 0.005 mg/i (c) 
TABLE 9.2. Analysis of Aqueous Samples - Statistical Performance of 
Analytical Procedures. (a) see main reference under determinand 
(Chapter 5.1.2), (b) data fran analysing laboratory, (c) data for 
flame atanisation see reference 176, (d) data for electrothermal 
atomisation not available but known to be 1000x more sensitive or 
better. 
IJ 
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laboratory, fran the main references in the sections above, or fran 
other specified sources. Standard deviatiOn is, wherever possible, 
given as the total standard deviation on a single result and limit of 
detection is given by 4•65SW'  where  Sw  is the within batch standard 
deviation ° . 
9.2. CHEv1ICAL ANALYSIS OF SEDIMENT SAMPLES 
9.2.1. X-RAY FLUORESCENCE SPECTROMETRY. 
A Phillips PW 1450 sequential automatic X-ray Spectograph was 
employed for these analyses. For major and minor elements it was 
possible to use the autosampler tower but for the counting of 
membranes individual presentation of samples was required. Instru-
mental control was by means of an interfaced Apple microcomputer, and 
averaged count data was manipulated using programs within the 
Edinburgh Multiple Access System (EMAS). Minor element data was 
processed using programs developed for sediment studies by S Rainey 
and G Shiminield. Printout of averaged raw count rates was provided 
following membrane analysis and the processing of this data was 
carried out on the Data General Nova 3 system of the FRPB. 
9.2.1.1. FUSED DISC PROCEDURE. 
Fused glass discs (45 mm diameter) were prepared according to the 
procedure of Fitton et all 83,  based on that of Norrish & Hutton1 84• 
Samples dried to constant weight at 700C were used. The whole sample 
was ground in a tungsten carbide ball-mill for 2 minutes and an 
aliquot of approximately 1.3 g weighed accurately (to 0.001 g) into a 
95%Pt5%Au crucible with a Pt lid. The crucible and lid were ignited 
at 1100°C for 1 hour and allowed to cool. The 'crucible was reweighed 
and, if the ignited sample weight was below 0.9 g, more sample was 
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added and the ignition repeated. The initial and final weights were 
noted in order to allow later compensation for loss on ignition. 
Flux was added in the ratio 5:1 of sample plus an additional 0.03 g 
to allow for flux volatility. The flux used was Spectroflux 105 
(Johnson- Mat they Chemicals Ltd.) consisting of Li 2B 40 2 , La 20 3 and 
LiCXD3. The borate acts as a flux while La, being a heavy absorber of 
X-rays, helps to minimise matrix effects from samples of differing 
compositions. The crucible was returned to the muffle furnace for 20 
minutes before being removed and allowed to cool. The crucible was 
reweighed and flux added so as to achieve a 5±0.005:1 flux:sample 
ratio. If it was necessary to add more than 0.05 g flux then the 
crucible was returned to the furnace for a further 20 minutes and the 
procedure repeated. The crucible, with lid, was placed over a Meker 
burner to re-fuse the sample. Meanwhile disc-casting equipment was 
kept at 2200C on a hotplate. The melt was poured onto a graphite 
mould inside a stainless steel cylinder and an aluminium plunger used 
to press the disc. This provided an "orange-peel" surface to the 
disc for presentation to the X-ray beam. The disc and mould were 
covered with a silica crucible and retained at 2200C for 30 minutes 
before being al 1 owed to cool. 
International rock and sediment standards were used for calibration 
of the response of the elements. The standards used are listed in 
Table 9.3 and details of instrument settings in Table 9.4. A 
statistical appraisal of the method has been .taken from Fitton et 
a1 183 and are included in Table 9.5. Precision was checked by means 
of discs prepared from a single sample (2 degrees of freedom) and 
found to be satisfactory. I am grateful to G 'Fitton and D James for 
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their kind assistance and to D James for carrying out the XRF 
analysis and data manipulation on my behalf. Data manipulation 
involved calibration of elemental response and an iterative procedure 
for the correction of results for matrix interferences. 
It is recognised that Na, K, and to an extent Mg may be lost as 
volatile salts, principally chloride, during the ignition stage. 
Chloride may also be lost by generation of hydrogen chloride by 
reaction with significant levels of organic matter. Although it is 
not possible to quantify the losses, they should not be significant 
in the context of the present study where chloride levels are not 
high, and in themselves are not of particular importance. 
9.2.1.2. PRESSED POWDER PROCEDURE 
Minor element analysis was carried out on 45 inn pressed pellets using 
a modified procedure based on that of Fitton et a1183. Freeze-dried 
sample was used for this process. The whole sample was ground in a 
tungsten carbide ball-mill for 2 minutes prior to use. Approximately 
5 g was placed in the stainless steel mould assembly and compacted 
with a perspex plunger which was then removed very carefully, along 
with the inner guide cylinder of the mould. Binding compound was not 
used as binder tends to raise salts to the surface of a pellet made 
from sediments. Two teaspoonfuls of sieved boric acid was carefully 
placed around and over the pellet and after insertion of the stain-
less steel plunger, a load of 10 tonnes was applied for 1 minute. 
The pressed pellet with its boric acid backing was then presented to 
the X-ray - beam, for analysis within 8 hours of preparation. 
Operating conditions are contained in Table 9.4 while a statistical 
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appraisal is included in Table 9.5 (after Shimmield26 ). These 
precision data were based on work carried out using a Tungsten target 
X-ray tube as source, whereas present analysis employed a Rhodium 
target tube. However within a limited number of degrees of freedom 
used for appraisal the differences should not be significant, and 
compare favourably with precision check by means of pellets prepared 
from the same sample (2 degrees of freedom). Calibration was by 
means of international standard rock and sediment pellets counted 
within the batch. Additionally, for minor elements not satis-
factorily covered by such standards, standards were available that 
had been prepared by dilution series spiking of standard sediment 
with minor elements and were previously used by G. Shirrunield 26 . 
Table 9.3 lists the standards employed. Averaged (peak-background) 
data, taken from the Apple microcomputer, were manipulated on EMS in 
two stages. Data were corrected for major element composition 
(available for standards and samples) • using theoretical mass 
absorptioncoefficients and again similarly for the minor elements so 
calculated. Interference corrections were applied for Ti on V, V on 
Cr, Rb on Y and Sr on Zr. Calibration graphs were prepared of count 
data for selected standards against known concentrations of minor 
elements so that a final presentation of concentration was possible. 
I am grateful to G. Shirnmield for his kind assistance and advice with 
this work. 
9.2.1.3. THIN-FILM PROCEDURE. 
The analysis of a very thin film of particulate matter by XRF allows 
major component elements to be determined on extremely small samples. 
The theory of this procedure has been covered 'by Liethaf sky et a1 185 
and its application to suspended matter in water by Cann and 
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Major element analysis 	 Minor element analysis 
(fused discs) (pressed pellets) 
AGV1 GSP1 MA3 
BCR1 BLANK MA4 
BCSS1 Ii 	(i) MA5 
BP1 	(b) 12 MAG1 
BP2 13 MESS1 
BP3 14 PX1 
BP4 15 Si 
BP5 16 S2 
BR JB1 SO01 
G2 JG1 
GA MM (a) SY2 
GH MA2 SY3 
Wi 
TABLE 9.3. International rock and sediment samples used as 
standards for fused disc and pressed pellet procedures. 
Synthetic dilution series are marked (a) containing MW and 
203 in sediment matrix, (b) containing NaBr in similar, 
(i) containing Ba( 103)2 in chalk matrix (labelled BLANK). 
Winter 186. Several workers have applied the technique to the 
analysis of particles suspended in sea water, including Baker and 
Piper187 and Ridgway1 88•  A very small amount of finely ground sample 
is applied to a polycarbonate or ion exchange membrane so that no 
more than 100 ug is applied, forming a layer of the order of 10 um in 
thickness. If this requirement is not exceeded then the elements Na, 
Mg, Al, Si, K, Ca, Ti, Mn, and Fe may be determined without the need 
for matrix correction due to mass absorption. The procedure is 
evidently open to contamination from the atmosphere and matter 
suspended in reagents. Consequently great care must be taken by 
filtering all distilled water and reagents through a 0.45 urn poly-
carbonate membrane and by using only scrupulously cleaned apparatus 
held in polythene bags when not in immediate use. Exposure to the 
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Element Sample Line Tube kV m Peak 
20 
Fd K Cr 50 45 144.78 
Pp Kg, Rh 90 30 30.48 
Pp Lê Rh 60 45 115.44 
Pp KoC Rh 90 30 29.98 
Fd Ko Cr 50 30 113.09 
Pp Ko W 90 30 66.51 
Pp Koc Rh 60 45 69.37 
Pp K.c Rh 60 45 45.11 
Fd Kc, Cr 50 45 57.52 
Pp Lo, Rh 60 45 102.88 
Fd Kc. Cr 50 45 136.63 
Fd K& Cr 50 45 45.26 
Fd Koc Cr 50 45 62.98 
Pp Ko, Rh 90 30 20.28 
Fd K  Cr 50 45 55.22 
Pp KoC, Rh 60 45 48.66 
Fd Koc. Cr 50 45 141.07 
Pp L. Rh 90 30 28.23 
Pp K-G Rh 90 30 26.58 
Pp Ka .Rh 60 45 110.72 
Fd Ko. Cr 50 45 109.04 
Pp -Koc Rh 90 30 25.11 
Fd Ko' Cr 50 45 86.14 
Pp Lcx. 1 Rh 90 30 27.45 
Pp Koc Rh 60 45 123.40 
Pp Ko Rh 90 30 23.76 
Pp K Rh 60 45 41.77 
Pp K oe Rh 90 30 22.51 
Backgd Pulse ht.Instrument 
20 IL Win. Conditions 
139.01 250 600 PE F c 
31.20 200 600 LF FS f 
117.74 300 500 LF FS c 
28.60 200 600 LF FS f 
110.00 200 600 LF F f 
66.60 200 600 PE F c 
70.81 150 600 LF F f 
46.61 150 600 LF F c 
55.81 150 700 LF F f 
103.80 300 500 LF FS f 
131.78 200 600 LF F f 
43.28 200 600 TL F c 
62.08 150 600 LF F f 
.20.70.200 600 IF S f 
53.22 250 500 TL F c 
49.99 150 600 LF F f 
144.27 330 400 GE F c 
29.30 250 500 LF FS f 
25.76 250 600 LF FS f 
111.30 250 500 GE F c 
115.49 250 600 PE F c 
24.24 250 600 LF FS f 
90.80 250 600 LF F f 
27.95 250 500 LF FS f 
120.78 300 500 IF F c 
24.35 250 600 LF FS f 
40.97 250 500 IF F'S f 





























TABLE 9.4. Analytical conditions for XRF major and minor elements. 
LL lower level, Wind. = window 
Sample 	: Pp= pressed pellet, Fd = fused disc, 
Crystal : IF = LiF200, 	TL = Thallium acid phthalate, 
Ge = Germanium, PE = Pentaerythritol, 
Counter 	F = flow, FS = flow-i-scintillation, S = scintillation, 
Collinator: f = fine, c = coarse 
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element mean 	s.d. element mean 	s.d. 
% 
Si02 43.8 	0.09 Na20 3.610 0.040 
A1203 14.06 0.05 KO 1.412 0.005 
Fe 03  12.46 	0.03 
M8  T10  
 3.165 0.006 
0.03 MnO 0.215 0.007 
CaO 10.62 	0.03 P205 1.030 0.003 
element mean 	% var. LCD element mean 	% var. LCD 
p.p.m. p.p.m. 
As 11 	6.90 0.20 Rb 80 	4.53 2.24 
Ba 330 3.10 5.05 S 4600 1.94 67.81 
Cl 	31200 0.40 49.3 Sr 156 	3.18 3.35 
Cr 105 	2.20 1.72 Th 13 28.72 0.40 
Cu 30 2.79 0.58 V 140 	1.76 1.29 
I 100 	1.87 1.40 Y 35 6.70 0.68 
Mo 2 16.25 0.08 Zn 120 	2.98 2.23 
Ni 54 	4.19 1.53 Zr 130 3.63 2.42 
Pb 23 20.88 0.72 
TABLE 9.5. Statistical appraisal of analytical methods by XRF. 
Major elements are after Godfrey et al with 4 degrees of freedom. 
Minor elements are after Shirnmield where 
LCD = 3/c 5f Rb/Th 	and % var • = 100/j x 1/p_f 
where c=counts/s/%, Rb=backgd. count rate, Tb= time on backgd., 
Rp=peak rate count and Tp= time on peak. 
Samples used for this analysis were ground using a agate mortar and 
pestle for a period of at least 30 minutes (unless stated otherwise). 
Approximately 10 mg was accurately weighed into a 5 cm 3 weighing jar 
and 3 cm3 distilled water added. The jar was placed in an ultrasonic 
bath and agitated for 30 minutes. The contents were transferred to a 
100 cm3 volumetric flask, ensuring complete transfer by ultrasonic 
vibration of each of three rinses of the jar which were then poured 
into the flask. The contents of the flask were made to approximately 
60 cm 3 with water and thoroughly shaken. The flask was ultra-
sonically agitated for 60 minutes, being removed each 20 minutes and 
thoroughly shaken for 2 minutes. The contents were transferred to a 
1 1 volumetric flask, and each of three rinses being vibrated for 10 
minutes prior to transfer. The contents were made to 1 1 and vigor -
ously shaken for 2 minutes. Figure 9.3 illustrates the perspex 
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filtration apparatus that was used. 
sintered support for membrane filter 
P.T.F.E. sealing ring 
FIGURE 9.3. Membrane Filtration Apparatus. 
A 37 mm diameter 0.45 urn clear polycarhonate membrane was loaded with 
tweezers onto the sinter and the filter top, complete with '0' ring 
secured. The flask was completely inverted 10 times and 10 
immediately taken from the centre of the suspension using a bulb 
pipette. The suspension was released into the filter assembly. A 
vacuum was applied for exactly 30 s. This was found to give more 
even coverge than continuous application of vacuum. The filter was 
disassembled and the membrane placed in a covered perspex petri dish. 
The lid of the dish was cracked open and dried in an oven at 30 0C for 
2 hours. Five replicates of each sample were prepared. 
Membranes so prepared were subjected to various treatments as 
described in the appropriate section (ensuring 5 replicate membranes 
for each sample and treatment). Previous workers have found that 
particles cannot be washed from the membrane (N.B.Price, personal 
communication) and that the membrane is not damaged by reagent treat-
ment (Ridgway188 ). Blank membranes were prepared for each 
preparation used. 
Operating conditions for the XRF are included in Table 9.6. 
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Element Count Line Tube kV mA Peak Backgd Pulse ht.Instrument 
20 	20 IL Win. Conditions 
Al 2E5 Koc Rh 40 60 144.95 139.18 250 600 PE F c 
Ca 4E5 Koc Rh 50 45 113.23 109.73 250 600 LF F C 
Fe 2E5 Koc Rh 50 45 57.54 55.83 200 600 LF F f 
K 4E5 Ko Rh 50 45 136.80 131.78 200 600 LF F C 
Mg 2E5 Ko Rh 40 60 45.30 47.80 250 500 TL F C 
Mn 2E4 Ko(, Rh 50 45 63.01 62.11 150 700 LF F f 
Na 2E4 Koc, Rh 40 60 55.25 53.25 250 500 TL F C 
P 4E4 Km Rh 40 60 141.07 144.27 330 400 GE F c 
Si 4E5 Koc Rh 40 60 109.16 113.66 250 600 PE F c 
Ti 2E5 Koi, Rh 50 45 86.15 90.81 300 500 LF F f 
TABLE 9.6. 	Conditions for XRF Thin-Film Analysis. 
IL = lower level, Wind. = window, Crystal 	: LF = LiF200, TL = ThAP, 
Counter 	: F = flow, Collinator: f = fine, c = coarse 
Count : eg. 2E5 2x1 counts. 
Calibration was achieved by analysing samples taken fran the cruise 
of R/V Thompson in 1979,   for North Pacific Stations 2 to 15. These 
samples were of known elemental composition and kindly supplied by 
N.B.Price. Analytical result summaries were studied and a total of 
15 samples, which provided a range of elemental concentrations 
suitable for calibration at levels expected during the present 
studies, were chosen as standards. Table 9.7 tabulates the elemental 
masses reported for these (standard) membranes. 
Figure 9.4 sets out the calibration curves obtained for single 
analyses of each of these standards. The calibration standards were 
backed by a different batch of membranes to those of the analysed 
samples and adjustment was necessary to allow for background levels 
of the elements in-both batches of membranes. Additionally some 
allowance was necessary for the. geometry of each sample turret since 
each of the three positions gave a slightly different presentation of 
membrane to the X-ray beam. This allowance, normalised to turret 
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u to 





10 	 20 	 30 
ug 
Uv 	 IV 
-W 
Sample Cruise Al Ca Fe K Mg Mn P Si Ti 
Stat'n 
R36 2 0.75 11.9 2.35 0.46 1.75 58.9 0.46 4.57 0.12 
R56 4 0.65 1,89 1.41 0.20 0.40 39.3 0.25 2.24 0.08 
S51 5 0.29 4.39 0.85 0.17 1.27 45.6 1.46 4.29 0.05 
S73 6 5.57 5.07 5.73 1.28 2.71 653 0.48 17.6 0.29 
S75 6 2.28 13.2 3.11 3.12 10.2 254 0.51 10.6 0.15 
S84 6 3.71 18.4 3.84 0.93 2.54 377 0.63 18.0 0.21 
S86 6 1.15 5.60 1.20 0.25 0.84 136 0.22 5.28 0.07 
S87 6 2.78 14.1 3.29 1.00 2.77 327 0.43 14.4 0.23 
S90 6 6.74 30.4 5.24 1.36 4.12 219 1.10 29.5 0.29 
S95 6 0.29 23.5 0.66 0.65 2.77 13.4 2.39 9.27 0.05 
S96 6 0.73 31.2 1.73 0.44 1.77 126 1.56 13.9 0.08 
T2 6 5.11 21.4 5.40 1.18 3.07 470 0.79 24.1 0.29 
T3 6 6.18 25.8 5.62 1.41 3.70 346 0.86 27.2 0.37 
Til 7 3.24 9.45 3.25 2.79 8.54 658 0.32 12.8 0.17 
T63 15 28.2 10.8 16.6 3.79 6.43 616 1.93 82.9 0.96 
TABLE 9.7. Elemental Mass on Membrane Standards. 
All figure are ug on membrane except Mn in ng. 
position .2 was, in practice insignificant relative to other sources 
of error. Thus for a* count (C) to be directly read from the 
calibration graph for that element, the observed sample count (CO) 
was first adjusted by 
C = C0 - Cb + Ci 
where Cb = observed blank membrane count and 
Ci = count intercept from calibratiOn graph (at mass=Oug) 
Table 9.8 tabulates the standard deviations found for multiple 
replicate analysis of samples prepared during this study. 
element concentration standard 
deviation 
(ug) 	(%) 
Si 	2.3 	10 
Fe 1.8 24 
Ca 	3.3 	1.0 
P 0.57 10  
element concentration standard 
deviation 
(ug) 	(%) 
Al 	3.8 	10 
Mg 2.9 4 
K 	0.15 	33 
Ti 0.05 10 
TABLE 9.8. Precision Obtained by Thin-Film XRF Analysis. 
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I am grateful to N.B.Price for his kind assistance and advice during 
this work. 
9.3. C-H-N ELEMENTAL ANALYSIS. 
A variety of methods have been used in determining the organic carbon 
content of sediment. Byers et a1 189  spiked sediment with N-acetyl 
glucosamine and investigated procedures for its quantitative 
recovery. 	They found that wet oxidation yeilded 77% of the added 
carbon while ignition at 475-5000C yeilded 100%. Pretreatment with 
acid to destroy carbonate-C led to negligible recovery of the spike. 
Dankers and Laane 90 reported that the calculation of organic carbon 
by weight loss on ignition led to gross over-estimation of up to 4x 
in clayey sediments. Parker1 91 in a study of the destruction of 
organic carbon by heating concluded that the results obtained by 
various workers using . a variety of temperatures between 450 and 7000C 
could not be readily compared. Organic matter becomes more 
refractory as decomposition progresses and, although for most organic 
matter the greatest loss occurs at 200-300 0C with little loss 
occuring above 5000C, for some aerobically digested materials the 
- bulk of the carbon may be released between 500-600 0C. In this study 
ignition at 4750C was employed (as preferred by Byers et a1189) .  
Samples dried to constant weight at 70 0C were used for the determin-
ation of carbon, hydrogen and nitrogen. The samples were ground in a 
ball mill prior to use. A sample was first subjected to analysis 
without pre-treatment in order to determine the concentration of the 
total elements. 100 mg was weighed into a small cup made from a 25 
m square of aluminium foil formed with the bottom of a test-tube. A 
number of thes'e cups were placed inside a loose fold of aluminium 
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foil and placed in a muffle furnace at 475 0C for 4 hours. The cups 
were reweighed and the loss on ignition calculated. An aliquot was 
subjected to analysis. 
Perkin Elmer Model 240 Elemental Analyzer was used by the kind 
permission of D.McLusky of the University of Stirling Department of 
Biological Sciences. A 30 mg aliquot of sample was loaded into a Pt 
boat and passed inside an oxidation furnace at 950-1000 0C. The gases 
formed were swept by helium through a copper reducing furnace at 650- 
70 00C and thence to a series of thermal conductivity detectors to 
determine carbon, hydrogen and nitrogen seperately. The analysis was 
calibrated by an acetanil ide standard. 
The determination of organic and inorganic carbon was then found 
according to the formula: 
C1 = C2 (1-L/100) 
and 	C0 =C1 -C1 
where C1 
Co 
. C2 = 




ashed carbon (not corrected for L) 
loss on ignition 
rameters are measured in % 
Nitrogen may be similarly divided into a volatile component (includ-
ing organic nitrogen) and a refractory component. Hydrogen may be 
divided into a volatile fraction consisting of organic hydrogen plus 
some of the clay and hydrated iron mineral water, and that that is 
volatile between 475 and 1000 °C comprising further water held in clay 
minerals. The samples will contain components originally dissolved 
in the interstitial water. However this contribution will be neglig-
ible even in very wet sediments (<0.02%). 
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Several samples were analysed in replicate to give the statistical 
appraisal found in Table 9.9. 
element concentration standard limit of 
(%) deviation detection 
C 8.19 •0.748 ? 
2.06 0.102 
N 0.652 0.064 0.08 
0.017 0.017 
H 1.56 0.038 <0.1 
0.408 0.039 
TABLE 9.9. Statistical Appraisal of C-H-N Analyzer. 
(4 degrees of freedan) 
9.4. PARTICLE SIZE ANALYSIS OF SEDIMENT SAMPLES 
APPARATUS (4 analyses). 
4 x 63 urn sieves and sieve receivers 
x pneumatic troughs 
1 set of sieve comprising 5.6 mm, 2 mm, irrin, 500 urn, 250 urn, 
125 urn, sieve shker and camel hair brush. 
2 sets of 20 x.50 an beakers 
4 x 1 1 stoppered measuring cylinders (marked in an from lip) 
2 x 50 cm3 pipettes (jet cut to 2 nun i.d. and marked at 100 mm 
and 200 nun from the tip) 
4 x evapoating basins 
4 x watch lasses 
1 x 400 an beaker 
1 x 0-500C thermometer 
1 x stopwatch 
.2 x drying oxen set at 70 0C and 950C respectively 
box of 50 am plastic specimen jars 
MgrFnWLOGY 
300 an3 of well mixed, kneaded sample was placed in a 63 urn sieve in 
a trough and 600 an3 of distilled water added. The sample was rubbed 
and puddled through the sieve until apparently complete and the water 
thoroughly drained into the trough. The covered sieve in its 
receiver was dried at 70 0C in an oven. The covered trough was 
maintained at 40  C until dry sieving was complete. 
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After drying, the material on the sieve was thoroughly brushed 
through with a clean camel hair brush and the material transferred to 
the 500 urn sieve. The bank of sieves ranging from 500 urn to 63 urn 
with receiver beneath was shaken in the sieve shaker for 15 minutes. 
Each sieve was brushed through and the bank shaken for a further 5 
minutes. Each fraction was transferred to a weighed plastic specimen 
jar and reweighed to assertain fraction weight. However if the 500 
urn fraction contained a significant amount of material then the above 
procedure was repeated with 5.6 mm, 2 mm, 1 mm and 500 urn sieves. 
The material in the receiver was brushed to a fine powder and slowly 
added, with thorough agitation to the water in the trough. The slurry 
in the trough was allowed to reach ambient temperature. The slurry 
was thoroughly mixed before being transferred to a 1 1 measuring 
cylinder. The trough was washed several times with 20 an 3 of 
distilled water to ensure complete transfer and the washings added to 
the cylinder. The volume was made to 1 1 with disti 1 lel water. The 
cylinder was inverted several times and then allowed to settle for 
the required time as shown in Table 9.10. depending on ambient 
temperature. 
phi 5 6 7 8 9 
depth (cm) 20 10 10 10 10 
temperature time time time time time 
(° C) (s) (s) (s) (s) (s) 
19 58 117 475 1883 7563 
20 57 114 459 1835 7353 
21 56 111 446 1789 7143 
22 54 109 437 1745 6993 
TABLE 9.10. Settlement Times for Fractions at Ambient 
Temperatures. 
El 
page 243 	 9. ANALYTICAL PROCEDURES  
A pipette was lowered to the required depth and 50 an 3 of suspension 
withdrawn and immediately transferred to a weighed beaker. The 
outside of the pipette was wiped with a tissue and the inside flushed 
with water, which was added to the beaker. The beaker was placed in 
an oven at 700C. The cylinder was inverted several times and then 
settled for the next time interval until 5 samples had been taken and 
transferred to beakers for evaporation to dryness. On dryness the 
beakers were reweighed to obtain the weights of sample present at and 
below that particular size and transferred to plastic specimen jars. 
Note that dry sieve weights were the true weights in that fraction 
whereas pipetted weights required-subtraction from the next size down 
in order to obtain fractional weight. 
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APPENDICES 
APPENDIX A 
RESULTS OF CHEMICAL ANALYSIS OF 
WATER FROM KINGHORN LOCH 
AND ASSOCIATED INPUTS 
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A. 1. DATA HANDLING AND PRESENTATION OF STATISTICS 
Routine chemical data derived from aqueous samples taken during this 
study are held on the Data General Nova 3 computer system of the 
F.R.P.B. The data are held within the chemical archive system of the 
Board and are contained by the river catchment area 3. The data are 
indexed by the code, unique to each sampling station, shown below: 
Sampling station 	 MM 
North inlet to Kinghorn Loch (at Craigencalt Farm) 	28 
Kinghorn Loch at outlet sluice 	 304 
Leachate to Kinghorn Loch (at roadside dam) 	 305 
Kinghorn Loch (water body stations) 	 308 
Data are currently held in ASCII format, sample by sample and readily 
retrievable by the input of the code for that station. The computer 
program collects data from the archive and assembles 
individual binary matrix files in sample order ready for 
manipulation. "KLOCHPRINT.2" is automatically chained and rearranges 
the matrix into determinand order and extends it to include the 
statistical data. It then sequentially provides hard copy of the 
data determinand by determinand, until complete when it presents a 
statistical appraisal of concentration units followed by an appraisal 
of loadings. 
The mean concentration and mean loading have been calculated as the 
arithmetic mean of individual concentration and loading data. 
Sampling frequency requirements have been calculated at 20% (column 
n20 on tables), 10% (column n1 0) and 5% (column n5) to indicate the 
number of samples that would be required to be taken for that 
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determinand at that station such that the mean would be within the 
stated percentage, at 95% confidence limit, of the true long-term 
mean. Standard deviation and sampling frequency calculations have 
assumed. a near normal distribution so that the frequency required 
using unbiased data is described by 
N= ( t. s) I (f . m) 
where N = required sampling frequency for fxiOO precision 
f = fractional precision required 
t = students t for 95% confidence limit and N-i degrees 
of freedom 
s = standard deviation about the mean for single result 
m = mean 
f values required to satisfy 20%,10%, and 5% were normally 
0.2, 0.1., and 0.05 respectively but for pH with a logrelation-
ship values approximated to 0.1, 0.05, and 0.02 respectively. 
"KLOCHPRINT.2" uses a value of t=1.96. Evidently since t has N-i 
degrees of freedan this value will Underestimate N if N is small (by 
about 10% if N=20). However all important parameters (except 
chlorophyll-a, arsenic and vanadium) were analysed on at least 100 
occasions during the relevant part of the study and if N is less than 
100 then this over generous estimate of precision must be considered. 
At N=100 this estimate of t is reasonable. 
A.2. STATISTICAL PERFORMANCE ACHIEVED 
Hinchcliffe 92 collated data collected from 20 sampling points 
throughout England in an appraisal of sampling frequencies required 
for the Harmonised Monitoring Scheme of River Water Quality. The 
scheme applied a requirement of the mean being within 20% of the true 
average concentration and found that for important determinands a 
range of 7 to 32 samples were required with a mean of 16 samples. 
The present study proposed to use a 10% limit in order to provide a 
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reasonably accurate input into the speciation model of the loch. 
However only the north inlet managed to achieve this level of 
consistency while the outlet of the loch and leachate were more 
varied on some important determinands. However the weekly sampling 
interval achieved an estimate of required frequency that was 
generally satisfactory at the 10% requirement for all three stations 
for concentration though only at 20% for some loadings. Thus this 
intensity of sampling would appear satisfactory, though not generous, 
to allow, a reasonable statement of the chemical composition of the 
inputs and the loch and for an understanding of the chemical 
processes involved. It must however question the reliability of 
input data to the mathematical model. Indeed, given this treatment 
of the data, it questions how reliable data normally is when used in 
computer simulation work. 
A.3. OJLLECIED DATA FOR AQUFXJUS CHEMISTRY 
The following tables will be found under this section: 
Leachate to Kinghorn Loch from 4-1-1981 to 24-5-1983; including 
a statistical appraisal of concentration and loading. 	 - 
North Inlet to Kinghorn Loch from 4-1-1981 to 24-5-1983; 
including a statistical appraisal of concentration and loading. 
North Inlet to Kinghorn Loch from 30-5-1983 to 27-9-1984; 
includil-ig a statistical appraisal of concentration and loading. 
West Inlet to Kinghorn Loch from 14-6-1983 to 27-9-1984; 
including a statistical appraisal of concentration and loading. 
Kinghorn Loch at outlet from 4-1-1981 to 24-5-1983; including a 
statistical appraisal of concentration. 
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Kinghorn Loch at outlet from 30-5-1983 to 27-9-1984; without 
statistical appraisal. 
Kinghorn Loch water body stations taken on 23-2-1981; including 
a statistical appraisal of concentration. 
Kinghorn Loch water body stations taken on 1-7-1981; including a 
statistical appraisal of concentration. 
Kinghorn Loch water body stations taken on 24-8-1981; including 
a statistical appraisal of concentration. 
10.Kinghorn Loch water body stations taken on 5-10-1981; including 
a statistical appraisal of concentration. 
11 .Kinghorn Loch water body stations taken on 30-10-1981; including 
a statistical appraisal of concentration. 
It was not felt appropriate to apply any statistical evaluation to 
Kinghorn Loch water after May 1983 as this was a period of rapid 
improvement. 
The following abbreviations were applied to all tables: 
abbreviation meaning 
tot 	total concentration of deterniinand (includes that 
contained in suspended solids). 
dis 	concentration of determinand passing 0.1 urn membrane 
filter (except alkalinity which passes glass fibre 
disc grade C; lurn or better). 
unspecified for deterrninands normally considered to be completely 
soluble in water, concentration is that which passes 
glass fibre disc grade C. 
alk 	alkalinity to pH4.5. 
EC 	electrical conduct ivity(ambienttemperature c. 21 °C) 
not determined. 
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For Tables A.7 to A.11 sample headers represent the station designa-
tion (see Figure 4.1.) with the depth at which the sample was taken 
in parentheses where BJT-.5m indicates 0.5m fran the sediment 
surface. Note that due to the variation in level of the loch surface 
the depth of water at any station may vary from survey to survey. 
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TABLE A.1. Chemical analysis of the leachate to 
Kinghorn Loch (taken at roadside dam) for the period 
4-1-1981 to 24-5-1983; including statistical appraisal. 
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20/1/01 25/1/81 29/1/81 2/2/81 9/2/81 15/2/81 23/2/81 








====== ======== ======= 
flow 1 3 4.4 3 
1120 1040 1755 1450 
temp 4 6 3 4 
3.4 3 3.4 2.6 2.6 Us 
























.. 	 ... 
... 8.7 ... 13.6 6.9 mg/i 

























... 25.5 20.5 23 mg/i 
di 	Al 154 60 173 84 59 
66 
50 
139 66 106 mg/i 
tot Fe .4 .6 .5 .4 .1 
... ... ... iTug/i 
die Fe ... ... ... ... . .. 
... ... . . - ... mg/i 
tot As 2.06 1.48 2.16 1.08 .49 
... ... ... 
... mg/i 
tot V 3.6 2.5 3.4 
. 
2.1 1.3 
... ... ... 2.7 mg/i 




















2450 2050 2350.- .4100 1850 3000 mg/i CoCO3_ 









66 71 mg/i 
die Si02 6.62 4.85 6.11 4.66 4.71 
170.6 192.6 mg/i as S 
B .35 .32 35 .32 .25 
... 8.91 5.64 5.55 mg/i as Si 
NO2 .03 .03 .22 .2 .23 
... .45 .35 .3 mg/i 
NO3 3 3.3 3.2 3.2 3 
... . 	.3 .23 ... mg/i as N 
NH3 .3 .1 1.2 .4 <.1 
... 8.5 3.5 2.8 mg/i as N 
F 2.2 2.1 2.1 1.32 .96 	. 
... <.1 <.1 .2 mg/i as N 
PO4 1.8 1.3 5 1.91 .56 
... 1.75 1.5 2.3 mg/i 









mg/i as P 
85 151 151 	. 175 190 187 204 159 215 
mhos/cm 
139 mg/i 
12 / 5 / 85 
20/4/81 







































































mg/i as S 
mg/i as Si 
mg/i 
mg/i as N 
mg/i as N 
trig/i as N 
uti g / 1 








• 	pH 12 
tot Co 6.7 
dis Co 










tot al P. 3200 
dis alk 3050 
c  73 
904 188.3 









12 / 5 / 85 
KINOHC)RN LOCH fcr 
9/3/81 
= = = = = = == 
14/3/81 
= ==== === 
21/3/81 
= = 
1235 1105 1405 
3.4 6.5 4.8 
7 8.5 7 
12.2 12 10.8 
2.7 .8 .3 
.4 
14.3 2.6 1.7 
<.1 
2739 1902 1149 
31.8 22.4 17.5 
188 165 97 
95 
2.8 
4.6 . -. 
5150 3650 - 	1800 
4950 	-• 3550 	- 
66 61 58 
166 69.7 146.2 
4.29 7.41 1.11 
.35 .48 .38 
.43 .28 .01 
2.15 2 3 
.49 .4 .1 
2.3 2.1 2.4 
3.5 1.5 .17 
7800 5550 3550 
192 50 135 
272,B1. t. c) 25E)1 
29/3/81 30/3/81 9/4/81 
= = = ======= = = === ==== 
1810 1235 2000 
5.3 4.5 3.2 
10.5 9.5 10.5 
11.4 11.5 11.5 
.2 ... .8 
.3 ... .4 
.3 ... 1.2 
.3 ... .3 
1432 ... 1385 
19.8 ... 19.7 
132 ... 102 




2350 2700 2400 
2350 2550 2450 
70 ... 67 
115.3 ... 70 
2.7 ... 6.34 
.48 ... .48 
.26 ... .23 
8.9 ... 3.4 
.5 ... .3 
2.8 ... 2.6 
1.1 ... 1.38 
4625 5000 4650 
92 89 97 
LEACHATE TO t<XNC4HORN 	LOCH 	Fcr- i,'S.'E33. t.D 9781 
date 
======== 
17/5/81 ======== 23/5/81 ======== 1/6/81 ======= 8/6/81 ======== 13/6/81 21/6/81 28/6/81 1/7/81 9/7/81 ======== ======== ======= ======== ======== 
time 1950 1325 1745 1800 1155 2105 1825 1710 1030 
flow 1.8 1.1 1.1 3 3 1.8 .8 2.6 .8 i/s 
temp 10 11.5. 15 13 12 14 10 12 14 C 
pH 12.1 12.1 12 11.6 12 12.4 12.3 12.4 12.3 
tot Co .8 7.9 7.1 9.5 6.2 14 6.4 8.7 1.2 mg/i 
dis Ca 1.7 6.4 6.8 5.9 6.6 2.6 4.9 2.6 .9 mg/i 
tot Mg .9 4.6 3.2 5.8 4.5 17.3 9.3 5 23.3 mg/i 
dis Mg .3 3.9 .9 .9 .8 <.5 <.5 <.5 <.4 mg/i 
Na 3170 1890 1912 1737 2080 2037 1999 2006 1787 mg/i 
K 20.6 15.7 18.2 19.7 25.8 23.2 21.2 22 14.6 mg/i 
tot Al 230 130 122 117 135 112 128 122 121 mg/i 
dis Al 230 131 122 108 133 138 128 115 108 mg/i 
tot Fe 1.1 .2 .2 .4 1.1 .8 .4 .5 .5 mg/i 
dis Fe .2 .1 .1 .1 .1 ... ... ... mg/i 
tot As 3.3 ... ... ... 3 ... ... ... 
... 
... mg/i 
tot V 5 ... ... 
... 3.2 ... ... ... ... mg/i 
tot aik 3000 3800 4400 1290 4200 5150 	. 4900 4900 3800 mg/i CaCO3 
dis aik 2950 3800 4400 ... 4100 5000 4800 4850 3550 mg/i CaCO3 
Ci 77 71 69 ... ... 67 64 100 67 mg/i 
SO4 133.3 68.3 150 . 118 101.6 134 150.3 168.6 152.3 mg/i as S dis 9102 8.07 8.16 .8.44 	. . . 	 5.17 8.49 9.89 9.33.. 	- 9.51 12.36 mg/i as Si 
B .69 .62 .66 .5 1 1.05 .95 1 .6 mg/i 
NO2 .61 .16 .14 .04 .05 1.25 .16 .03 .29 mg/i as N NO3 1.7 1.7 1.8 1.5 7 1.2 1.3 1.4 .3 mg/i as N 
NH3 .5 .8 1.1 <.1 <.1 .8 .9 1.3 1.5 mg/i as N 
F .76 .7 .72 .52 2.3 .75 .85 1.7 2 mg/i PO4 7 1.7 2 .87 2.75 2 3 2.4 9.6 mg/i as P. 
EC 6000 5700 5850 5000 6500 7100 7200 7000 6400 mhos/cm 
96 231 15 	. 21 56 38 147 81 56 290 mg/i 
12 / 5 / 85 
LEACHATE TO I<XNGHORN LOCH 4c,r- 2O,'7E3i tc, 99,'E)j. 
date 20/7/81 21/7/81 25/7/81 3/8/81 9/8/81 18/8/81 24/8/81 2/9/81 9/9/81 ======== ======== ======== ======== ======== ======== ======== ======== 
time 1725 1310 1405 0910 1220 1620 1035 1800 
====== == 
0920 
flow .8 . . - 1 1.8 .87 .7 1.3 .7 .7 i/s 
temp 12 .. 12 14 12 14 12 12 12 C 
pH 12.3 12.3 12.1 12.4 12.3 12.3 12.3 12.2 12.3 
tot Co 3.2 ... 3.2 4.3 7.9 14.9 8 9.6 34.7 mg/i 
dis Ca .8 ... 1.8 <.1 .6 .4 .7 .1 1.1 mg/i 
tot Mg 5.3 ... 7.3 61 10.9 23.7 10.4 11 14.2 mg/i 
dim Mg <.1 ... 8.9 <.1 6.8 .1 .6 .1 .1 mg/i 
Na 1615 .. 1381 2025 1810 2030 1740 1530 1800 mg/1 
14 ... 14.5 16.9 24 27 25 23 25 mg/i 
tot Al 113 131 78 118 126 134 108 94 98 mg/i 
dis Al 98 ... 79 114 126 129 107 91 96 mg/i 
tot Fe 4 ... .1 .3 <.1 3.4 .2 .1 .3 mg/i 
dim Fe ... ... . 	 . ... .. 











tot V ... ... 
... 6.8 ... 
... 5.1 ... mg/i 
tot alk 3400 3670 2700 _4050 3960 4250 3500 3500 
... 
3850 mg/i CaC0 dis alk 3250 3050 2670 '4050 3960 3850 3485 3500 3600 mg/i CaCO3 
Ci 63 ... 73 64 64 63 21 71 70 mg/i 904 344.6 ... 183.3 81.3 240 206.6 223.3 223.3 190 mg/i as S dim Si02 9.51 ... 6.06 9.79 8.63 3.26 9.23 1.77 6.01 mg/i as Si 
8 .5 ... .5 .4 .5 1.45 .6 .5 .55 mg/i 
NO2 .18 ... .6 .27 1.66 .99 1.22 1.15 .86 mg/i as N NO3 1.7 ... 2.7 1.9 1.7 1.2 6.3 1.4 1 mg/i as N 
NH3 .8 ... .9 1.25 1.06 .7 .9 .6 .5 mg/i as N 
F 3 ... 4.8 5.7 1.45 .54 .58 .4 .38 mg/i PO4 1.89 ... 1.55 ... 2.8 3.1 .11 1.9 ... mg/i as P 
EC 5300 6400 5300 7600 5800 6100 6100 5600 5800 mhos/cni 
99 45 81 52 87 40 420 108 82 99 mg/i 
12/5/85 







24/9/81 28/9/81 5/10/81 
= 
12/10/81 20/10/81 30/10/81 1/11/81 
time 1025 1700 1400 1745 1450 0945 1500 1555 1015 
flow .3 1 1.54 1.82 4 2.7 2.6 1.8 2.6 1/s temp 12 12 11 13 12 6 8 9 9 C pH 12.1 12.3 12.6 12.5 12.3 12.2 12.3 12.1 12.1 




280 284 258 181 139 146 161 mg/i ... 282 286 258 176 130 152 153 mg/i tot Fe ... .42 .95 .37 .85 .5 .2 .3 2.5 mg/i dis Fe ... ... ... .27 .19 ... ... 
tot As 3.8 ... ... 
... ... mg/i 
tot V 5.2 ... ... 
... ... ... 
... 3.4 ... mg/i 
tot alk 45001 



























.23 .32 .25 .22 mg/i as N 





1.3 1.3 mg/i as N 
F ... .46 .19 .2 3.7' 4.3 2.3 
.39 
2.5 
.35 mg/i as N 




mg/i as P EC 6200 6900 10200 11800 11100 10500 8000 8400 8800 mhos/cm 94 96 81 50 58 53 29 65 89 mg/i 
12 / 5 / 85 
E8.'iiE3i 	t.c, 29i2,'E3. 
1/12/81 12/12/81 15/12/81 21/12/81 = = = == == = == = = == = = == ===== = = = === 
0715 1055 2055 1000 
2.9 3.6 3.4 3 
5 3 2 4 
12.4 12.1 12.2 11.5 
.5 2.7 2.7 2.9 
<.5 3.3 2 1.9 
2.2 .7 11.6 8.8 
<.5 11.7 <.5 <.5 
2007 1463 1557 1751 
19 19.3 17.8 20.2 
126 103 115 
128 94 112 119 
.2 .15 .18 
.2 .14 .05 .06 
5.6 
-. ... 10 
3770 3100 3190 - 3350 
3600 3100 3135 3250 
66 84 65 64 
133.6 158.6 153.5 153.5 
12.36 11.89 13.25 13.01 
.4. .4 .4 .4 
.2 .21 .22 1.62 
1.2 2.1 2.2 2.3 
,18 .68 .8 .6 
2.2 2.4 2.4 2.7 
3.1 1.9 3 3.3 
5200 5750 5200 5150 



















4800 mg/i CoCO3 
4800 mg/i CaCO3 
51 mg/i 
138 mg/i as 
10.26 mg/i as Si 
.3 mg/i 
.17 rug/i as N 
2 mg/1. as N 
.5 mg/i as N 
2.4 mg/i 
4.2 mg/i as P 
7800 mhos/cm 
49 mg/'L 
LEACHATE TO K]:Nt3Hc)RN LOCH cc,i- 
date 8/11/81 9/11/81 16/11/81 22/11/81 
======== ======= ======== ======== ======== 
time 1730 1405 1000 2000 
flow 4.6 3.1 4.6 2.8 
temp 9 ... 5 10 
pH 12 12.1 12.1 12.4 
tot Co 2.5 ... 10.9 .4 
dis Ca 3.4 ... 6.7 .4 
tot Mg .4 ... 4.1 1.7 
dis Mg .3 ... <.1 .7 
No 2432 ... 2028 2272 
K 30.6 •... 26.4 20.3 
tot Al 143 146 134 143 
dis Al 142 ... 134 143 
tot Fe .3 ... <.05 .2 
disFe ... ... 
... .2 
tot As ... 4.9 
tot  ... 7.2 
tot olk 4750 5860 .5300 4700 
dis aik 4750 4535 5300 f-- 
 
4700 
Ci 67 ... 69 70 
904 195 ... 164 185.3 
dis 9i02 10.45 ... 9.7 15.3 
B .6 ... .55 	- .5 
NO2 .24 . .. .23 .25 
NO3 2 ... 1.6 1.9 
NH3 I ... 1.5 .7 
F 2 ... 1.8 1.6 
PO4 4.2 ... 3.6 4.4 
EC 8100 9000 6800 6650 
99 33 33 19 29 
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10/1/82 19/1/82 26/1/82 1/2/82 9/2/82 10/2/82 21/2/82 1/3/82 
time 1020 
======== 










0820 flow 3 6.1 4.6 8.5 3.6 34 ... 3.1 2.9 1/5 temp 3.5 3 4.5 8 7 6 .. 5 6 C pH 11.7 12 12.2 12.2 11.8 11.1 12.3 12 11.8 tot Co 1.9 5.6 2.2 3.1 ... ... ... 






mg/i tot Mg 4.8 16.7 8.6 18 ... 




















mg/i tot Fe .13 .09 .21 .12 ... 
dis Fe 
tot As 


















... ... ... 3.7 ... ... mg/i 







... . ... mg/i 








Ci 68 67 159 61 66 61 
mg/i CaCO3 


















.27 .26 ... .38 .27 mg/i as N 





•.. 1.8 1.5 mg/i as N 
F 2.6 3.7 3.2 1.05 1.6 1.3 
... .6 .4 mg/i as N 














7800 8800 6600 8200 7800 6600 4900 mhos/cm 74 87 92 115 78 92 84 mg/1 
12 / 5 / 85 
LEACHATE TO <XNc3HORN LOCH cc)v- 1O382 tc, iS'B2 
date 10/3/82 14/3/82 18/3/82 27/3/82 1/4/82 11/4/82 15/4/82 26/4/82 1/5/82 
time 1805 0935 1445 1830 0950 1715 2010 1940 1630 
flow 2 2.2 2.7 1.8 5.6 1.1 .8 .7 ... 1/s temp 5 6 ... 9 7 6.5 . 10 ... C p11 12..1 11.6 12.2 12.3 12.3 12.4 12.4 12.1 
tot Ca -.. . . - ... ... ... ... 








mg/i tot Mg ... ... .. ... ... ... ... ... 




mg/i No 2000 1437 2011 1958 1942 2028 1938 1934 .. mg/i X 2098 18.9 12.2 27.4 26.1 28.9 28 236 ... mg/i tot Al ... ... 158 ... ... ... . 	 . 



























mg/i tot As ... ... 4.4 ... ... 4.6 ... ... 
tot V ... ... 7.2 ... ... 8 ... ... 
". mg/i 
tot alk ... .. 4950 .... 
... mg/i 






















.29 .24 .43 .28 .36 ... mg/i as N 
NH3 .4 .5 .8 
1.1 
.7 
1.2 1.1 11 1.5 . . . mg/]. as N 







1.1 ... mg/i as N 






mg/i as P EC 7200 4950 7100 7500 7200 7900 7600 5800 ... nuhos/cm ss 	- 38 168 94 83 74 86 82 60 ... mg/1 
12/5/85 





18/5/82 26/5/82 	1/6/82 
time 1045 1255 1020 0730 
flaw 1.4 .93 ... 1.3 
temp 
- 
10 ... 13 
PH 12.2 12.2 12.3 12.3 
tot Co ... 
dim Ca 8.6 8.6 
95 
8.7 
tot Mg ... 	 . ." 
dim Mg .2 .5 1.1 1.1 
Na 	- 2121 1779 2241 2140 
N 34.9 27.9 34 30.2 
tot Al 170 
dim Al 161 110 166 153 
tot Fe ... 
dim Fe <.05 <.05 .29 .13 
tot As 4.4 ... ... 4.6 
tot 7 ... -... 7 
tot aik 4855 ... ... 
dim elk 4855 	- 3760 5t85 4700 
Cl 60 72 60 65 
904 133 175 123 126 
dim Si02 9.09 8.3 11.66 
B .675 .6 .8 .825 
NO2 .21 1.27 .2 .22 
NO3 1.2 1.4 1.2 
NH3 .9 .4 1.3 .6 
F 1.3 2.8 2.7 2.1 
PO4 3.7 2 4,5 2.9 
FC 9600 7400 10200 8600 
99 20 15 43 21 
12 / 5 / 85 
3.3.5,E2 t, c) E3s'7,'E32 
7/6/82 16/6/82 23/6/82 1/7/82 8/7/82 
1600 1620 1600 0715 0815 
.8 4.4 .88 3.14 .84 i/s 
15 10 10.5 12 12 C 
12.2 12.1 12.1 12.2 12.3 
mg/i 
6.2 7.7 1.1 1.7 2.2 mg/i 
mg/i 
.3 .9 .5 .1. .1 mg/i 
2057 2403 2337 2662 2633 mg/i 
40.9 34.9 34.9 36 35.8 mg/i 
-. ... ... mg/i 
155 164 151 197 199 mg/i 
-. ... ... ... mg/1 
.14 .22 .14 .15 .14 - .mg/i 
mg/i 
mg/i 
5500 5500 5000 	-..- ... ... mg/i CaCO3 
4950 5200 4800 5250 5600 mg/i CaCO3 
62 66 62 60 69 mg/i 
123 128.3 30.6 31.3 28.6 mg/1 as S 
10.96 4.47 10.26 8.39 10.73 mg/i as Si 
.825 .785 1.2 2.4 2.85 mg/i 
.26 .29 .19 .16 .19 mg/i as N 
.9 1.2 1.3 1 .9 mg/i am N 
1.3 .8 1 1.4 .8 mg/i as N 
3.9 2.8 3.3 1.7 2.2 mg/i 
3.3 4.4 2.05 4.7 2.6 mg/i as P 
9700 9700 - 8700 11000 10200 mhos/cm 
148 64 78 95 89 mg/i 
OCH +'C)1 1.9,7/82 t. c) 
4/8/82 
== === === 
12/8/82 
==== = == = 
19/8/82 
==== = = == 
1135 1740 1740 
.87 2.7 2.2 
13 11 
12.3 12.4 12.6 
2.3 3.4 2.2 
2535 2366 2856 
35.9 35.5 35.4 
175 
189 165 206 
.21 .26 .25 
6.5 
9 
5550 1350 6600 
68 113 65 
97.3 65 158.3 
10.73 11.43 4.12 
2.75 2.3 3 
.23 .22 .17 
1 .9 .8 
1.1 .8 .9 
2.4 2.1 2.5 
3 1.7 9.5 
11400 10200 1.0600 


































































mg/i as S 
mg/i as Si 
mg / 1 
mg/i as N 
mg/i as N 
mg/i as N 
mg/i 
















dis Al 158 
tot Fe 




dis 61W4 5300 
Cl 74 
604 121 









12 / 5 / 85 
t< I NGHC3RN L- 
26/7/82 
== 	= = == 
1/8/82 
















































date 	 12/9/82 




























ss 	 ... 
12 / 5 / 85  
INOHORN LC)CH +'cr- 
19/9/82 23/9/82 26/9/82 
1735 1140 1800 
1.36 . 7.52 
10 
12.7 12.6 12.7 
2:8 :.. 10.5 
.7 
2750 . 2472 
43.8 ... 35 
165 
196 ... 143 
.18 ... <.05 
8.2 
5500 
5500 	-. 6150 
71 ... 66 
125 ... 122.6 
4.99 ." 5.69 
2.1 . 1.4 
.18 .. .13 
.9 ... .7 
11 . .96 
2.8 ... 3.1 
5.3 ... 4.35 
10950 10300 9500 
67 1.9 70 
12,9/82 t, c) 8i 1/82 
1/10/82 10/10/82 26/10/82 
=== ===== = = == ==== == == === = 
1800 1510 1630 
1.26 3.9 2.2 
11.5 10 9.5 
12.6 12.7 12.4 
2182 2976 1803 
37 37.2 24 
111 264 135 
<05 .72 .25 
- ... 4.6 
7.1 
5200 8300 3900 
75 71 '69 
127 121.3 117.6 
7.13 3.87 7.41 
1.425 2.725 1 
.12 .15 .24 
1.1 1.1 1.1 
1 1.06 .5 
9.2 11.5 2.8 
2.25 555 1.95 
8600 12600 7500 
47 49 7 
1/11/82 
































































mg/ 1. as S 
1kg1i as Si 
mg/i 
mg/i as N 
tng/i as N 
mg/i as N 
ITu g/l 
mg/i as P 
,mhos/cm  
mg/ :t 
LE:ACHATE TO I'INGHC)RN LOCH f'c)r- i,j. 1. E2 	t, L-) 1E3.'3. ,'E33 
. date 17/11/82 2! L 	!L  18/1/83 
time 1200 1800 0930 1810 1255 1350 1510 1615 1410 
flow 3.4 5.1 3.9 5.3 2.7 5 5 6.2 ... i/s 
temp 5.5 5 5 5 5 6 5 5 ... C 
pH 12.3 12.2 12.3 11.2 11.1 12.2 12.2 12.2 12.1 
tot Co ... ... ... ... .•. ... ... ... mg/i 
dis Ca 4.4 6.1 6.8 6.9 8 10 7 8.7 11 mg/i 
tot Mg ... ... ... ... ... ". ... ... ... 
1.2 
mg/i 
dis Mg <.5 .3 <.5 <.5 .4 .6 .1 .1 mg/l.  
No 1678 2362 1837 1864 1735 1600 1640 1710 840 mg/i 
K 23.9 27.6 26.1 22.7 22.3 20.18 22.09 17.97 20.42 mg/i 
tot Al ... ... ... ... ... ... ... mg/i 
dis Al 115 100 117 123.6 124 11.9.4 123.6 148.9 11-7 mg/i 
tot Fe ... .... ... ... ... ... ... mg/i 
dis Fe .13 .02 <.05 .07 .07 <.05 .07 .09 <.01 mg/i 
tot As ... ... ... ... 4.1 ... ... mg/i 
tot ... ... ... .... S ... ... mg/i 
tot .oik ... ... ... ... 	.• ... ... 
... .... nig/l CoCO3 
dis aik 4000 3750 4200 4850 4050 3000 3100 
.. 
4450 - 	3600 	. mg/i CaCO3 
ci 69 66 69 59 63 60 62 59 .67 mg/i 
SO4 125.6 123.3 124.6 125.6 128 129.5 129.6 127 163 mg/i as S 
dis Si02 2.05 4.94 7.09 6.11 6.85 4.1 7.37 3.21 8.63 mg/i as Si 
B .875 .95 .875 .775 .75 .5 .85 .8 .7 mg/i 
NO2 .21 .22 .28 .23 .24 2.5 1.19 - 	.18 .3 mg/i as N 
NO3 1.6 1.5 2 2.6 1.3 2.5 1 2.3 2.45 mg/i as N 
NH3 .2 .6 	. .6 .6 .2 .02 .02 .88 .7 mg/i as N 
F 4.7 3.4 3.7 9 7.5 10 19.5 5.5 14.5 mg/i 
PO4 2.5 3.5 2.2 2.45 2.3 1.85 2.2 1.85 1.75 mg/i as P 
EC 7700 10000 7450 8300 7900 6600 7000 7600 6800 mhos/cnu 
99 26 38 125 121 117 90 	. 69 97 44 mg/i 
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LEACHATE TO KINc3HORN LOCH Vc,r 41/E33 tc, 7'3,E33 
dote 24/1/83 1/2/83 9/2/83 15/2/83 20/2/83 26/2183 28/2/83 1/3/83 7/3/83 
======== ====s=== ======== =====tt= ======== ====t == 
time 1455 1830 0735 1615 1140 1245 1300 1000 1600 
flow 4.4 5.1 3.2 3 1.5 1.3 3 2.4 1.5 i/s 
temp 65 4 4 7 4 6 5 5 7.5 C 
pH 12.2 12.3 12.2 12.3 12.2 12.4. 12.1 12.6 10.4 
tot Co ... ... ... ... ... ." ... ... ... mg/i 
dis Co 6.1 6.2 9.1 10.9 9.5 9.9 ... 4.8 2.5 mg/i 
tot Mg ... ... ... . 	 . ... ... ... ... ... mg/i 
dis Mg 2.6 4.4 .3 <.1 <.1 .2 ... <.1 1.2 mg/i 
No 1868 2140 1907 1710 1674 1698 ... 2111 810 mg/1 
K 20.91 27 27.7 20.75 20.6 21.36 ... 26.2 - 15.38 mg/i 
tot Al ... ... ... ... ... ... 2.7 ... ... mg/i 
dis Al 132.3 164.2 124.9 109.1 116.2 108.7 .... 151 14.4 mg/i 
tot Fe ... ... ... ... ... ... ... ... ... mg/i 
dis Fe <.01 .03 .5 <.01 <.01 .11 .... .18 <.01 mg/i 
tot As ... 2.8 ... .. ... ... 2.9 ... ... mg/i 
tot V ... 1.8 . -. ... . . - ... 36 ... ... mg/i 
tot olk ... ... ... ... ... ... 3155 ... . . . mg/i CoCO3 
dis oik 39OO - 4650 5150 3850 3600 	' 4450 3150 5350 1400 	.'f/t CoCO3 
Ci 64 60 60 59 63 33 ... 50 66 mg/i 
804 163 163 200 148 148 185.3 ... 155.6 241.6 mg/1 as S 
dis Si02 8.16 3.03 9.33 9.09 8.63 909 ... 5.59 .46 mg/i as Si 
B .85 .9 .9 .75 .7 .8 ... .9 .55 mg/i 
P402 .31 .28 .26 .23 .22 .42 ... .22 .26 mg/i as N 
P403 1.7 1.7 1.5 1.4 1.3 3.6 .. 1.2 1.6 mg/i as N 
NH3 1 .51 .5 1.1 .7 .4 ... .8 .26 mg/i as N 
F 4.5 3.5 3.9 3.9 3.9 4.3 . 3.8 .39 mg/i 
PO4 3.1 5 2.85 3.2 2.45 3 ... 3.7 .4 mg/i as P 
8400 9000 8500 7700 7600 7600 5000 10000 2870 mhos/cm 
ss 78 84 95 96 94 	- 27 85 82 256 mg/i 
12/5/85 









18/4/83 22/4/83 26/4/83 1/5/83 12/5/83 
time 0920 2000 1034 1800 1235 0710 1020 1645 1740 
flow 2 3.1 3 ... 3.9 1.4 2.9 3.2 2.9 i/s 
temp 7 5.5 6.5 9 6 10 7.5 9 11 C 
p11 12.3 12.1 12.1 11.9 11.9 11.9 12 12.1 11.8 
tot Ca ... .. ... ... ... ... ... ... ... mg/1 
dis Ca 9.1 10.9 .. 7 7.8 8.4 8.6 4.6 2 mg/i 
tot Mg ... ... ... ... ... .. ... ... .. mg/i 
dim Mg .2 <.1 ... 4.4 7.3 2.2 5 6.9 <.1 mg/i 
No 2090 1590 .. 1489 1642 1613 1810 2184 1480 mg/i 
27 21.47 ... 17.19 17.46 19.84 18.77 27 14.4 mg/i 
tot Al ... ... ... . 	. ... ... ... ... mg/i 
dim Al 160.5 118 ... 92 99 	. 99 . 	1.15 Ni148 105 nug/l 
tot Fe ... ... ... ... ... ... ... ... ... mg/i 
dis Fe .08 <.01 ... .13 .13 .17 .2 .21 <.1 mg/i 
tot As ... ... ... 3.6 ... ... .. ... 3.4 mg/i 
tot V ... ... ... 5.2 ... ... ... ... 5.1 mg/i 
tot aik ... ... ... ... ... ... . .. ... ... mg/i CaCO3 
d-is aik 4850 3650 3150' 3300 	- 3450 3450 3950"" 4600 3350 mg/i CaCO3 
Cl 61 69 	. 70 73 74 72 73 79 66 mg/i- 
504 186.6 238.3 241.6. 151.6 	. 241.6 	. 206.6 153.3 165 110.3 mg/i as S 
dim Si02 5.31 6.25 6.43 6.81 7.09 6.9 7.04 6.53 5.78 mg/i as Si 
B .9 .8 .75 .8 	. .85 .8 .95 1.02 1 mg/i 
NO2 .19 .37 .16 .15 .15 .17 .1.4 .15 1.65 mg/i as N 
NO3 .9 1.4 1.2 1 1 1 1 .9 1.8 mg/i as N 
NH3 .68 .4 .6 .84 1.06 .7 .79 .52 	. .21 mg/i as N 
F 4.1 ... ... 4.8 4.8 4.8 4.5 4.2 3.2 mg/i 
PO4 4.6 2.8 1.7 3.25 3.1 2.5 2.8 3.85 1.4 mg/i as P 
EC 9950 	. 7800 6000 6700 7200 5800 6300 8400 6600 nuhos/cm 
SS 54 76 69 115 21 18 17 16 40 mg/i 







































dis Si 02 6.11 
B 	.85 
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1< I NO H 0 RN LOCH 4-'cr- 1S/S/E33 t, c) 24,'5,'U3 
24/5/83 
1100 
















3350 mg/i CaCO3 
6? mg/i 
114 mg/i as S 
5.59 mg/i as Si 
.95 mg/l. 
1.06 Rig  as N 
1.1 Rig  as N 
.3 mg/i as N 
3.3 mg/i 
1.75 mg/i as P 
6400 mhos/cm 
71 mg/i 
L.EACHATE TC) KINOHORN LOCH 
st.u1t.iEItic:.3]. cpp-cii;.]. - 4c,r- 	4,i,'E31 t.c) 24't5,'O3 
samples fliOMfliUfli niriinun mean std.dev. ri20 rilO riti 
flow 120 8.5 .3 2.71866 1.62479 34 137 549 
temp 115 15 2 8.50435 3.39278 15 61 245 C 
pH 126 12.8 10.4 12.0913 .389871 58 234 1460 
tot Ca 53 34.7 .2 7.23396 7.48049 103 411 1643 mg/i 
dis Co 106 15.2 <.1 4.03066 3.4962 72 289 1156 mg/i 
tot Mg 53 31.5 .3 8.2 7.17018 73 294 1175 mg/i 
dis Mg 106 11.7 <.1 .987736 1.91565 361 1445 5780 mg/i 
No 117 3710 810 2006.55 524.292 7 26 105 mg/i 
K 117 48 12.2 25.6284 7.48871 8 33 131 mg/i 
tot Al 62 284 2.7 137.769 51.2048 13 53 212 mg/i 
dis Al 112 286 14.4 139.748 46.9767 11 43 174 mg/1 
tot Fe 43 3.4 •::.05 .509418 .652588 158 630 2522 mg/j. 
dis Fe 83 .72 <.01 .126867 .115107 79 316 1265 mg/1 
tot As 32 6.5 .49 3.56469 1.35602 14 56 222 mg/i 
tot V 32 10 1.3 5.26875 2.20987 17 68 270 mg/1 
tot ik 66 8850 1290 4125 135534 10 41 166 mg/i CC03 
disik 125 8650 1400 4295.36 	1293.73 9 35 139 mg/i CaCO3 
Ci 116 159 21 67.8362 13.4797 4 15 61 mg/i 
904 118 344.6 28.6 153.5 49.8975 10 41 162 mg/i as 9 
dis Si02 116 15.3 .46 7.06699 2.8049 15 61 242 mg/i as Si 
B 117 3 .05 .823162 .580615 48 191 765 mg/i 
NO2 117 2.5 .01 .366153 .407779 119 476 1906 mg/i as N 
NO3 118 8.9 .3 1.83898 1.31542 49 197 786 mg/i as N 
NH3 118 1.63 .02 680932 .376575 29 117 470 mg/i as N 
F 116 19.5 .19 3.15965 2.96049 84 337 1349 nig/i 
PO4 116 9.6 .11 2.95104 1.6362 30 118 472 mg/i as P 
EC 126 12600 2870 7461.47 2087.9 8 30 120 nuhos/cnu 
SIS 126 420 7 87.1587 63.1575 50 202 807 nig/i 
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LEACHATE TO r'z]:NGHORN L00I-1 
Eitat.iE;t.ic:o]. cippriiieic]. - 	cc)!- 	4.'3. ,'B3. 1C) SO3 
samples maximum minimum mean std.dev. ri20 rilO rui 
tot Ca 53 114.8 .959999 17.2978 21.7938 152 610 
== 
2439 mg/s 
dis ca 103 78.96 .07 11.1914 13.8194 146 586 2343 mg/s 
tot Mg 53 153 .462 21.9699 28.5727 162 650 2599 mg/s 
dim Mg 103 42.12 <.230001 2.57973 5.98959 518 2071 8284 mg/s 
Na 114 19023 1071 5424.35 3609.09 43 170 680 mg/s 
K 114 263.2 11.2 68.3018 45.9734 44 174 696 mg/s 
tot Al 59 1394 8.1 371.674 282.046 55 221 885 mg/s 
dim Al 109 1490.4 21.6 377.438 276.627 52 206 825 mg/s 
tot Fe 43 6.5 .07 1.09028 1.25512 127 509 2036 mg/s 
dim Fe 80 2.808 <.015001 .319845 .384415 139 555 2220 mg/s 
tot As 29 18.2 1.14 8.30879 4.67339 30 122 486 mg/s 
tot v 29 30 1.56 11.8597 6.99404 33 134 534 mg/s 
tot alk 63 39950 1350 10884.9 7797.37 49 197 789 mg/s CaCO3 
dim alk 119 46248 1275 11571.7 8221.5 48 194 776 mg/s CaCO3 
Cl 113 731.4 27.3 184.738 119.744 40 161 646 mg/s 
904 115 	- 1.127.1 24.024 407.043 252.428 37 148 591 mg/s as S 
dim Si02 113 49616 .69 18.1495 11.5452 3§
- 
- 155 622 mg/s as Si 
B 114 10.6275 .05 2.11314 1.86762 75 300 1200 mg/s 
NO2 114 12.5 .03 .944815 1.45785 229 915 3659 mg/s as N 
NO3 115 47.17 .24 5.51877 6.18886 121 483 1932 mg/s as N 
NH3 115 7.65 .1 1.7798 1.62541 80 320 1282 mg/s as N 
F 113 97.5 .266 9.55822 14.124 210 839 3355 mg/s 
PO4 113 32.712 .143 8.09658 6.70919 66 264 1055 mg/s as P 
99 120 864.9 13.95 234.623 197.703 68 273 1091 mg/s 
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TABLE A.2. Chemical analysis of the north inlet to 
Kinghorn Loch (at Craigencalt Farm.) for the period 
4-1-1981 to 24-5-1983; including statistical 
appraisal. 
page 252 	 . 	 APPENDIX 
t. C) 27.01 2E3i 
9/2/81 15/2/81 23/2/81 27/2/81 
======== 
1105 1655 1620 1035 
33 33 26 26 1/s 
5.5 5 3.5 3.5 C 
8.3 8.1 8 8 
56.3 51.9 41.9 43 mg/i 
22.8 23.3 25.6 25.5 
mg/i 
mg/i 
25.4 22.4 28.2 28.3 
mg/i 
mg/i 
.4 .6 .8 .5 mg/i 
mg/i 




140 145 140 140 
mg/i 
mg/i CQC03 
135 145 140 135 mg/i CctCO3 
40 39 40 40 nigh 
29.3 46.6 33.6 	. 25.3 mg/i QS S 
4.75 5.17 4.52 4.19 mg/i as Si 
05 .08 .05 .05 mg/i 
.05 .04 .08 .05 mg/i as N 
2.9 3.4 3 3.9 rug/ 1. as N 
.7 .1 .1 <.1 mg/1 is N 
.1 .1 .1 .1 mg/i 
.03 .01 .02 .02 mg/i as P 
- mg/i as 0 
445 425 395 380 mhos/cm 
2 3 3 3 mg/i 
N - INLET T  KINt3HC)RN LOCH Fc,r 41.,O1. 
date 4/1/81 9/1/81 20/1/81 25/1/81 29/1/81 =: 
time 1620 0955 1300 1205 0910 
flow 40 44 36 40 36 
temp 7 4 4 5 5.5 
PH 8.4 8.3 8.1 8.1 8.2 
tot CQ 55.8 57.1 . . - 
dis Ca ... ... .. 
tot Mg 24.1 22.4 ... 
disMg ... ... 
No 22.9 23.1 
.7 .7 
tot Al <.1 <.1 <.1 <.1 
dis Al . . .  
tot Fe ... .5 .1 <.1 <.1 
dis Fe ... ... 
tot As (.005 01 <.005 <.005 <.005 
tot V <.1 <.1 <.1 <.1 <.1 
tot c1k 120 115 125 125 125 
dis silk 130 120 125 125 ..125 
25 25 27 28 24 
604 48.3 42.6 35 44.3 35.6 
dis Sj02 5.22 5.03 4.85 5.13 4.8 
B .07 .07 .07 .09 .05 
NO2 .01 .01 .01 .01 .01 
NO3 9 8.6 9.6 9.6 9 
NH3 .1 .2 <.1 .1 .2 
F .1 .2 .2 .2 .2 
PO4 . 	.02 .01 .04 .05 .01 
EC 410 392 445 440 414 
3 1 1. 3 1 






































.2 	 .3 








































































in g/ 1 
mg/i CoCO3 
mg/i -C' '1603 
mg/i 
mg/i as S 
mg/i as Si 
rn g / 1 
mg/i as N 
mg/]. as N 
mg/i as N 
in g / 1 
mg/i as P 
mg/3. as 0 
mhos/cm 
mg/l. 
N - INLET 	TO KINOHORN LOCH 
dote 9/3/81 14/3/81 21/3/81 
time 1300 1110 1420 
flow 33 53 49 
temp 5.5 7 6 
pH 8.2 8 8.2 
tot Co 42.5 34.9 37.8 
disCo ... ... 38 
tot Mg 27.3 28 26.3 
dis Mg ... 
... 20.3 
No 27.4 23.1 21.7 




disFe ... ... -" 
tot As 
tot  
tot olk 135 	.. 125 130 
dis olk 135 125 130 
Cl 24 22 21 
804 26 20.3 17.6 
dis Si02 4.15 10.73 4.1 
B .08 .08 .09 
NO2 .02 .04 <.01 
NO3 8.6 8.1 8.5 
NH3 .12 .3 <.1 
F .1 .2 .18 
PO4 .01 .22 .68 
Bt)D . . . . . . 
EC 397 350 405 
2 100 43 
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t, C) 2O7Gi 






1.3 1.3 1.3 1.1 1/s 
11 11 . . . 11 C 
8 8.1 8.3 8.6 
52.1 49.6 50.3 43.8 mg/i 
52.7 48.2 48.6 41.1 mg/i 
21.5 20 22.7 28.8 mg/i 
21.9 22.3 22.6 24.9 mg/i 
19.6 18.6 17.5 13.9 mg/i 
.8 1.5 .6 .8 mg/i 
.4 .2 .3 .1 mg/i 





150 •.. 	 140 	:. 145 165 
mg/i 
mg/1 CoCO3 
150 140 145 ... mg/i CaCO3 
23 23 29 22 mg/i 
68.3 30 36 18.6 mg/i as S 
4.61 4.94 4.66 4.8 mg/i as Si 
.05 .05 .05 .1 mg/i 
.05 .01 <.01 <.01 mg/i as N 
6.2 6.9 7.3 6.9 mg/1 as N 
.2 .1 .1 .1 mg/i as N 
.2 .19 .17 .027 mg/i 
.02 .01 .12 .06 mg/i as P 
mg/]. as 0 
392 390 408 430 mhos/cu, 
1 10 4 1 mg/l. 
N INLET TO KXNciHC)RN LOCH 'PC:) r 
date 17/5/81 23/5/81 1/6/81 8/6/81 13/6/81 
time 1910 1310 1.730 
======== 
1750 1125 
flow 20 20 3 2.5 2 
temp 11 13 12 11 11 
PH 8.2 8.3 8.1 8.1 8.1 
tot Ca 56.4 51.4 58.9 62.2 60.5 
dis Ca 45.4 43.3 47.5 62 60 
tot Mg 21.9 20.7 22.3 24.4 21.2 
dis Mg 19.3 20 21.2 24 21 
Na 19.2 19.6 18.8 23.8 23.9 
K <.1 (.1 .4 .7 .2 
tot Al <.1 .5 .1 .2 <.1 
die Al <.1 .2  
tot Fe <.1 .1  
ciisFe ... 
tot As ". 
tot V ... 
tot alk 115 130 -. 140 155 140 
di 	alk . . . . . . . . 
Ci 25 25 24 
904 27.3 30 27.3 22.3 24.3 
die Si02 3.07 2.93 4.57 4.66 1.25 
B .05 .1 <.05 .1 .1 
NO2 .03 .02 .02 .03 .01 
NO3 7.2 6.5 8 2.5 1.3 
NH3 <.1 <.1 <.1 .1 1.2 
F .026 .05 .046 <.02 .09 
PO4 <.01 .02 .05 <.01 .01 
BOB ... .. . 1.1 
EC 392 345 392 420 393 
8 <1 1 <1 9 
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N - INLET TO '(INciHORN LOCH 
date 25/7/81 3/8/81 9/8/81 
time 1350 0920 1245 
flow 1.3 1.2 1 
temp 12 17 12 
PH 8.5 8.4 8.6 
tot Ca 44.4 45.7 69.3 
dis Ca 39.1 39.5 65.1 
tot Mg 23.8 23.8 28.1 
dis Mg 24.9 24.9 26.3 
Na 21.3 19.7 15 
K .7 1 .5 
tot Al .5 .5 .1 
dim Al .4 .3 .2 
tot Fe <.1 .1 <.1 
disFe 
tot As ... 
tot  
tot alk 205 160 160 
dis a].k 205 160 160 
c  28 21 23 
904 24.6 1.8.3 27.3 
dim Si02 8.16 4.38 4.75 
B .1 .1 .1 
NO2 .01 .01 .01 
NO3 6.6 6.8 6.4 
NH3 <.1 .02 .06 
F .04 .06 .11 
PO4 .01 .05 .11 
BOLl . . . . . . 
EC 445 455 38() 
SS 2 
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25/7,E1. t, C) 249/E)3. 
18/8/81 24/8/81 2/9/81 9/9/81 16/9/81 24/9/81 
1810 1015 1820 0940 1730 1425 
.8 1.2 .87 1 .76 1 1/s 
11 11 11 12 11 11 C 
8.4 8.2 8.3 8.4 8.2 8.2 
68.3 74.2 69.1 57.8 63.4 68.5 mg/1 
68 74.2 69 57.8 69.5 70.2 mg/i 
27.9 28.2 27 25.6 24.8 26.2 mg/i 
27.7 28 27 25.6 24.2 26.4 mg/i 
13 22 17 14 21 19 mg/i 
.5 .8 .8 .8 .9 1 mg/i 
.2 .2 .3 .5 .5 .3 mg/i 
.2 .2 .2 .2 .5 .3 mg/i 
<.1 <.1 .1 <.1 .06 .05 mg/i 
mg/i 
mg/i 
4, 5 	. : 145 140 135 140 
mg/i 
mg/i CaCO3 
145 150 145 140 85 	- 140 mg/i CaCO3 
24 38 23 23 25 28 mg/i 
28 27.6 26.6 23.6 24.3 25.6 mg/i as S 
5.22 4.99 4.01 5.03 4.75 457 iTug/l as Si 
.05 .01 .05 .1 .15 .15 mg/i 
.01 .01 .01 .02 <.01 <.01 mg/i as N 
6.3 6.2 5.6 5.3 5.8 5.5 mg/i as N 
.1 <.1 <.1 .1 .05 .02 mg/i as N 
.064 .093 .061 .064 .056 .051 mg/i 
.04 .05 .02 ... .07 <.01 nug/l as P 
458 406 420 390 363 405 
mg/ 1. 	as 
nlhos/cITu 
0 
1 2 1. 9 5 3 mg/i 
0 
II 
N - INLET 	TO KINOHORN LOCH cc)T 




time 1800 1440 0915 1525 
flow 2 12.2 14 7.4 
temp 11 11 8 9 
pH 8.2 8.2 8.1 8.3 
tot Ca 83.4 85.1 .48.8 51.5 
dim Ca 76.6 84.1 44.8 44.2 
tot Mg 28 28 30.3 30.6 
dim Mg 28.1 27.9 24.6 24.6 
Na 25 22.6 21.7 21.4 
K .6 .6 .6 .5 
tot Al .5 .4 .5 .8 
dim Al .3 .4 <.5 <.5 
tot Fe .11 .04 .4 .3 
di.s Fe .03 .03 
tot As ... 
tot  ... 
tot aik 150 	............. 120 145 .120 
dim .lk 150 120 145 120 
ci. 27 25 22 22 
804 29 25.3 28.6 27 
dim Si02 4.99 5.22 5.36 5.64 
8 .1 .05 .15 .1 
NO2 <.01 .01 <.01 .01 
NO3 5.8 7.2 7.5 6.8 
NH3 .07 .04 <.1 .03 
F .067 .12 .1 .16 
PO4 .04 .0l .02 	. .02 
1401' . . . . . ... 
EC 380 355 447 391 
2 5 4 <1 
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2E3,'9,E31 tC). 22ii83. 
30/10/81 1/11/81. 8/11/81. 16/11/81 22/11/81 
======== ======== 
1545 1000 1710 1015 2015 
7.4 9.2 12.2 9.2 18.3 1/s 
8 8 8 8 8 C 
8.1 8.1 8 8.2 8.1 
44.7 47 48 73.4 26.2 mg/i 
40.7 41.7 41.3 64.1 23.3 mg/i 
29 29.5 29.7 28.8 29.5 mg/i 
23.8 24.1 24.1 28.1 28.6 mg/1 
19.9 19.6 20.2 23.1 20.9 mg/i 
.5 .6 .4 .5 .4 mg/i 
.9 1.1 1.6 .8 .7 mg/i 
<.1 <.1 <.1 <.1 <.1 mg/i 




130 	 -.1.30 140 145 130 'mg/1 CaCO3 
130 130 ... 145 130 mg/J. CaCO3 
19 20 22 23 25 mg/1 
27 27 20 22.6 23.6 mg/i as S 
6.2 4.99 5.36 4.89 7.37 mg/i as Si 
.05 .1 .1 .1 .05 mg/i 
.01 .01 .01 ::.01 <.01 mg/i as N 
5.8 6.4 6.6 6 7.3 mg/i as N 
.03 .07 .1 <1 .3 mg/i as N 
.4 .43 .35 .23 .3 mg/i 
<.01 <.01 .02 .01 .01 mg/i as P 
mg/i as 0 
347 376 428 385 394 nuhos/cm 
1 7 3 1 4 mg/i 
N INLET TO KINOHORN LOCH ccr- 1i2Ei tc, 26,i82 
date 1/12/81 12/12/81 15/12/81 21/12/81 29/12/81 1/1/82 1041/82 19/1/82 26/1/82 
= t t= = C 
time 0720 1105 2045 0940 1027 1015 1235 0840 1555 
flow 30.7 19.7 11.2 11.2 29 32.5 48.7 36.2 32.5 1/s 
temp 7 1 5 4 7 3.5 3.5 4.5 3 C 
pH 8.1 7.7 8.1 7.6 7.1 7.8 8 7.9 8 
tot Ca 27.4 58.3 38.3 44.7 27.4 30.9 41.6 44.1 43.6 mg/i 
dim Ca 23.5 38 38.8 43.5 32.7 29.5 44.7 44.1 . 	42.3 	... mg/i 
tot Mg 30.3 33.3 21 20.8 14.1 11.3 19.2 18.6 38.5 mg/i 
dim Mg 28.6 20.8 20.3 20.5 14.5 1.1.7 19.6 19.8 35.9 mg/i 
Na 20.2 22.1 17.8 15.5 17.4 20.8 18.8 19.9. 22.6 mg/i 
X .5 .3 .43 .47 2.4 .47 .62 .6 .6 mg/1 
tot Al .74 .56 .38 .38 .6 .4 .42 <.2 <.1 mg/i 
dim Al .74 .56 .38 .16 .2 .2 .21 <.2 <.1 mg/i 
tot Fe .4 .27, .05 <.05 .68 1.17 <.05 <.05 .07 mg/i 
dim Fe .1 <.05 .06 <.05 .61 .07 <.05 .07 ... mg/i 
tot As ... ... ... ... ... ... ... ... ...  mg/i 
tot v ... ... ... ... ... ... ... ... ... mg/i 
tot silk 120 85 1-30 	-: 100 60 75 100 105 120 mg/i. CaCO3 
dim aik 120 85 .'.' 	 -. 100 60 75 100 	'' ... ... mg/i CaCO3 
Ci 19 25 	' 23 21 25 14 	. 21 26 25 mg/i 
804 41.6 25.6 28.3 26.5 21.9 13 21.6 20 21 mg/i as S 
dim Si02 7.83 6.15 	' 5.92 5.73 4.75 4.15 4.66 4.75 4.57 mg/i as Si 
B <.05 <.05 <.05 <.05 <:.os .05 .05 .025 .025 mg/i 
NO2 < <.01 <.01 .02 .05 .02 <.01 <.01 .01 mg/i as N 
NO3 7.1 7.5 7.8 7.8 5.6 4 8.7 8 	. 8.6 mg/i as N 
NH3 .02 .79 <.01 .4 .7 .1 <.1 .1 .7 mg/i as N 
F .1 .08 .16 .15 .16 .13 .14 .11 .066 mg/i' 
PO4 .01 .01 .01 .01 .01 <.01 .01 .01 .01 	- mg/i as P 
mg/i as 0 
EC 320 383 355 ' 358 289 210 390 440 	' 	. 470 mhos/ciie 
6 7 4 1 ii <1 2 3 <1 nigh 
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t. C) 1 .'4.'E32 
14/3/82 18/3/82 27/3/82 1/4/82 
0950 1510 1900 1020 
9.2 7.6 8.3 6.6 1/s 
5 ". 5 6 C 
8.1 8.2 8.1 8.2 
mg/i 
19.7 49.8 37 37 mg/i 
mg/i 
36.6 24.9 36.8 36.1 mg/i 
21.6 19.5 28.5 24.5 mg/i 
.46 .6 .77 .68 mg/i 
<.1 . . . . . . mg/i 
trig/i 
trig/i 
<.05 .08 <.05 <.05 mg/i 
<.1 . . . ... trig/i 
<.1 . . . . . . trig/i 
135 ... .. 	... mg/i CoCO3 
135 135 110 1.30 mg/i CuCO3 
24 29 28 36 mg/i 
23 20 23 19.6 mg/i as S 
3.87 4.66 4.66 3.96 mg/i as Si 
.025 .05 .06 <.05 mg/i 
.01 .02 .01 .01 trig/i as N 
7.7 8 7.8 8.2 mg/i as N 
.1 .2 .2 .01 trig/i as N 
.065 .065 .082 .082 mg/l. 
<.01 .07 .03 <.01 mg/i us P 
mg/i as 0 
435 400 405 420 nuhos/cm 
1 1 2 2 mg/i 
N - INLET T  KINGHC)RN LOCH 	fc)1- 3. 2E3 
dote 1/2/82 9/2/82 21/2/82 1/3/82 16/3/92 
== t = 
time 1300 1400 1735 0805 1820 
flow 30.7 25.7 13.3 11.2 10.2 
temp 6 5 4.5 5.5 5 
pH 8 8 8.1 8.1 8.2 
tot Co ... ... ... 
dis Co 35.1 40.6 42.6 39.9 17.4 
tot Mg . ... 
dis Mg 36.2 36.3 34.6 27.6 36.1 
Na 20.4 21 22.5 22.9 21.1 
K .6 .6 .7 7 .45 
tot Al ..- ... 
dis A]. <.1 (.1 <.1 <.1 <.1 
tot Fe ... ... 
dis Fe <.05 <.05 0* 6 <.05 <.05 
tot As ... ... 
tot  ... ." 
tot ulk ... ... ... 
ulk 120 125 140 :13o 13 
ci 23 24 27 29 26 
504 21 13.6 13 16.6 20.6 
dis Si02 4.19 4.19 3.82 3.59 3.96 
.05 .025 .05 .05 .125 
NO2 <.01 .01 <.01 .02 .02 
NO3 6.6 8 8.6 8.3 8 
NH3 .2 .1 <.1 .1 .2 
F .09 .086 .064 .082 .066 
PO4 .01 <.01 <.01 .01 .22 
8C11) . . . . . . . . . . . . 
EC 410 455 455 400 425 
55 4 2 3 2 1 
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N - INLET 	.rc) KINciH0RN 	LOCH 	cDT- ii,'32 	t.D 7 .- , 6 .o E12  
date 11/4/82 
======== 




======== ======== ======== ======== ====== == 
flow 5.2 6.6 2.8 
1655 1100 1315 0950 0710 1630 
temp 5.5 ... 7.5 
.. 
9 
5.2 5.2 17 12.2 12.2 i/s 







13.5 16.5 C 









































K .67 .74 .56 
20.5 21.8 27.1 17.9 21.6 21.2 mg/i 
tot Al ... ... 
.51 .6 
<.1 
.6 .5 .44 1.9 mg/i 

























tot V ... ... 
... <.0005 ... ... ... ... 
mg/i 
... <.1 ... ... 




dis aik 135 140 145 150 150 
.... 	.. 	.,. 	. 
140 
... 
,.. 130 ;rng/i CaCO3 
Ci 25 26 27 25 
-. 
24 .28 
140 135 ... mg/i CaCO3 
SO4 19 19 19 21 19 24 
25 
5.3 
24 28 mg/i 
dim Si02 3.91 4.47 4.75 1.11 2.84 3.4 2.42 
5.3 5 mg/i as S 
B .05 .07 <.05 <.05 .075 .05 .05 
2.33 3.4 mg/i as Si 




NO3 7.8 8 8 7.4 6.8 6.5 5.8 5.4 
.05 
4.8 
mg/i as N 
NH3 <.1 <.1 .1 
 
mg/i as N 
F .19 .2 .15 .17 .11 .2 
nug/lasPi 
PO4 <.01 <.01 .02 .01 .03 <.01 
.17 
.01 
.17 .23 mg/i 
BC)Ei . . . . . . . . . . . . . . . . . . . .01. .01 mg/i as P 
EC 425 
3 
450 355 475 455 450 450 
. . . 
430 





2 4 2 2 4 1 2 4 mg/) 
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N - INLET TO KINOHORN LOCH fcv- i66#82 t, c) 3.9E3,'E32 
dote 16/6/82 23/6/82 1/7/82 8/7/82 19/7/82 26/7/82 1/8/82 ==t===== ======== ======== ====t=== 
time 1600 1625 0735 0835 2100 2205 1240 
flow 5.2 5 14.5 19.7 1.6 2.6 2.6 temp 10 10.5 10 10 10.5 12 12 
PH 8.1 8.1 8.1 8 8 7.9 8.6 
tat Ca ... ... ... ..• 
dic Co 39.5 43.9 26.5 44.5 45.3 44.5 46.2 
tot Mg ... ... ... ... 
dis Mg 17.4 19.3 19.1 19 18.5 18.4 18.5 No 19.6 26.3 17.5 17.8 8.5 25.4 14.8 
N .8 .7 .6 .6 .8 .8 .7 
tot Al ... ... ... ... 
dis Al <.1 
 
tot Fe ... ... ... ... 
dis Fe .15 .12 .04 .04 .12 1, 3 .09 
tat As . ... ... ... 
tot V 
" 
..- ... ... 
tot alk 150 150 ... 	... 	- 








160 ci 29 	. 28 25 27 26 28 23 
904 17.6 5 4.6 5 18.6 20.2 14.4 
dis 9i02 5.59 5.36 4.8 4.1 4.66 ... 4.66 
B .025 .05 .05 .05 .05 ... .05 
NO2 .05 .07 .05 .1 .04 .03 .02 
NO3 8.1 8.75 8 7.8 7.3 8 7 
NH3 .2 .07 .1 <.1 <.1 .1 .02 
F .18 .18 .1 .34 .17 .32 .23 PO4 .03 .16 .06 .01 .01 <.01 .01 
BOLi . . 	. . . . . . . . . . . . . . . . 
EC 460 430 .475 370 405 48() 445 2 2 2 1 6 1 2 






2.6 2.3 1/s 
11 10 C 
8.3 7.9 
mg/i 
45.5 	. 39.7 mg/1 
mg/i 
19 16.6 mg/i 
12.6 8.3 mg/i 








150 175 mg/1 CaCO3 
25 21 mg/i 
17.3 31.6 mg/i as S 
4.24 4.05 mg/i as Si 
.05 .05 mg/i 
.02 .01 mg/i as N 
7.6 5.6 mg/1 as N 
<.1 <.1 - mg/i as N 
.34 .26 mg/i 
.06 .06 nig/l as P 
mg/1 as 0 
430 	- 350 mhos/cm 
2 4 mg/i 
N - INLET TO KINOHC)RN LOCH cc- 228E2 tC) 2t,1.0E32 




19/9/82 26/9/82 1/10/82 10/10/82 26/10/82 





flow 1.5 1.9 2.6 5.2 3.71 5.9 5.2 32.5 22.6 Us 
temp 11.5 10.5 16 11.5 10 10 10 10 8.5 C 
pH 8.1 8.2 8.6 8.3 8.3 8.3 8.5 7.9 8.2 
tot Co ... ... ... ... . . - ... ... ... ... mg/i 
dis Ca 39.9 46.2 42.6 54.6 54.3 46.5 47 40 52.5 mg/1 
tot Mg ... ... ... ... ... ... ... ... ... mg/i 
dis Mg 19.5 18.1 	. 15.8 19.2 19.3 20.2 20 17.9 19.1 mg/1 
Na 21 20.7 17.3 22 23 21.9 23.5 16.9 24.9 mg/i 
1< .8 .8 1.6 .7 .7 .7 .7 2.3 .6 mg/i 
tot Al ... ... ... ... ... ... ... ... . 	. mg/i 
dis Al .3 .3 <.1 <.1 <.1 .8 .6 .6 .2 mg/1 
tot Fe ... ... ... ... ... ... ... ... ... nigh 
dis Fe .15 <.01 .02 .05 .13 .3 .17 .23 .14 mg/i 
tot As ... ... ... .. ... ... ... ... .. mg/i 
tot V ... ... ... . ... ... ... ... ... mg/i 
tot.- al P, 	.. ... 	. ... ... ... 	... ... ... ... ... ... mg/i CaCO3 
di.s 	ai:' 160 150 135 155 145 150 160 130 140: mg/i CaCO3 
Cl 28 25 26 24 28 25 25 26 -. 23 mg/i 
504 19.6 25 23.3 25 23.3 20.6 21.6 20.3 21.6 mg/]. as S 
dis Si02 4.52 4.1 3.63 3.87 4.19 5.36 5.31 5.31 5.64 mg/i as Si 
B .05 .05 .05 .05 .05 .1 .075 .025 .025 mg/i 
NO2 .01 .01 .02 .01 .04 .02 .01 .02 .01 mg/i as N 
NO3 6.8 7.1 6.5 7 7.8 7.7 8.2 7.75 7.9 mg/i as N 
NH3 <.1 <.1 <.1 <.1 <.1 .03 .04 .14 .1 mg/i as N 
F .18 .23 .24 .18 .18 .15 .24 .14 .07 nig/i 
PO4 .1 .06 .08 <.01 .14 .05 .02 .2 .01 mg/i as P 
... . . . . . . . . . . . . frig /i as 0 
EC 430 360 420 520 430 395 420 380 410 mhos/cm 
<1 1 14 3 5 5 4 123 3 mg/i 
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N -IN LET TO KINOHORN LOCH fcr 1.,'iiE2 t.c i1.B3 
dote 1/11/82 8/11/82 17/11/82 22/11/82 1/12/82 8/12/82 14/12/82 
== 
25/12/82 1/1/83 
time 0850 	- 1245 1225 1740 1005 1745 1300 1330 1540 
flow 17 40.2 22.6 22.6 29 34 29 10 22.6 1/s 
temp 9 9 7.73 7 7 7 5 6 5 C 
PH 7.6 8 8.2 7.9 8 7.8 8.1 8 8.2 
tot co ... ... ... .... ... - ... ... mg/i 
dim Ca 46.1 46.1 40.2 42.5 50.7 43.1 41.7 43.3 41.7 - mg/i 
tot Mg .. ... ... ... ... ... ... mg/1 
dim Mg 20.2 19 18.6 15 18.5 18.3 18.4 18.1 18.1 mg/i 
No 22.5 25.6 21.5 26 23.8 228 •24 19.6 20.4 mg/i 
K .6 .6 .5 1.5 .5 .7 .7 .6 .61 mg/i 
tot Al ... ... ... ... ... ... ... mg/i 
dim Al .3 .3 .3 .7 .3 <.1 <.1 <.1 <.1 mg/1 
tot Fe ... ... ... ... ... ... ... mg/i 
dis Fe .3 <.05 .07 .09 <.05 .12 .1 <.05 .07 mg/i 
tot As ... ... ... ... ... ... ... mg/i 
tot ... ... ... ... ... ... ... mg/i 
tot al  ... .. 	 -• 	 - ... ... ... . 	 . 	 -. ... ... mg/i CC03 
dim alk 160 160 155 120 145 130 135 110 145 mg/i CoCO3 
ci 23 23 24 25 24 24 25 24 24 mg/i 
904 22.6 20.3 16.6 16.6 21.6 18.8 22 22.1 22 mg/1 as S 
dim Si02 5.45 5.41 4.94 3.96 5.03 4.8 4.8 4.38 4.38 mg/i as Si 
B .025 .05 .025 .025 .05 .05 .075 <.05 .05 mg/i 
NO2 <.01 .02 .02 .02 .01 ::.01 .01 .01 .01 mg/i as N 
P403 8.2 8.4 8.4 7.4 8.6 8.1 8.2 1.8 1.95 mg/1 as N 
NH3 <.1 .1 <.1 .8 <.1 <.1 <.1 .04 .05 mg/lasN 
F .09 .09 .07 .15 .07 .06 .08 .07 .12 mg/i 
PO4 .01 .02 .01 .09 .02 .01 <.01 <.01 .02 mg/i as P 
ROt' ... ... ... ... ... ... ... mg/i as 0 
EC 435 400 410 385 425 435 485 390 405 mhos/cm 
95 6 9 4 2 4 8 5 5 19 mg/i 
12/5/83 
N INLET TO t<INGHORN LOCH +'c)r- 3.2i,3 t, C) 3,01  
dote 12/1/83 18/1/83 24/1/83 1/2/83 9/2/83 15/2/83 20/2/83 26/2/83 1/3/83 
time 1300 1410 1520 1845 0720 1630 1155 1230 1025 flow ... 27.3 18 17 13.3 12.1 9.2 3.9 5.2 1/s temp 9 5 6 4 5 5 5 5 5 C pH 8 8 8.1 8 8.1 7.7 7.9 7.8 
tot Co ... ... ... . . - ... . -. ... 




mg/i tot Mg ... ... ... .. . 	. .. - 
dis Mg 16.3 19 19.3 20.7 18.9 18.8 18.1 19 ... 
mg/i 
mg/i No 18..7 19.5 20.1 22.8 20.1 21 20.6 22 ... mg/i N .9 .52 .42 .69 .46 .51. .43 .73 tot Al ... ... ... ... ... mg/i 





mg/i tot Fe ... ... ... ... 









tot As ... ... ... ... ... ... mg/i 






... ... nigh 
tot olk ... ... ... ... ... mg/i 






















<.01 .01 <.01 .01 ... mg/i as N 





9.5' 9.2 8.7 . mg/i as N 












PO4 .02 .01 (.01 .04 .01 .01 	. <:.oi .02 os P BUD ... . . . . . . . . . . . . . . . ... mg/i 




. . . 
435 




S  22 6 7 7 2 3 1. 3 
... 
... mg/i 
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N INLET TO K]:NGHORN LOCH ,3"E33 t, c) 	1,5,83 
dote 7/3/83 16/3/83 27/3/83 1/4/83 14/4/83 18/4/83 22/4/83 26/4/83 1/5/83 ======== ======== ======== ======== 




1620 flow 8.3 5.9 19.7 9.2 11.2 9.2 9.2 8.3 8.3 1/s temp 6 6 5 6 6.5 7 6.5 6.5 8 C pH 8 8 8 8.1 ... 8.2 8.1 8.1 7.8 tot Co ... ... ... ... ... . . - ... ... 




tot Mg ... ... .. .. ... ... ... .. mg/i 




mg/i Na 21 22.8 18.6 ... 17.4 16.6 13.7 18.1 17.3 mg/i K .52 .57 .49 ... .64 .37 .7 .28 .5 mg/i tot Al ... ... . -. ... ... ... ... ... 

























mg/i tot As ... ... ... ... ... ... ... ... 
tot V ... ... ... ... ... ... ... ... ... ... mg/i 
tot aik ...• ... nigh 















. 	 nig/1 
- 	 mg/i 
CoCO3 










43 29 29 28 28 mg/i 











mg/i as S 












8.7 9 8.8 8.8 8.3 8.7 8.6 mg/i as N 
F .092 .02 
<.1 
... 
<.1 .94 .06 <:.1 .16 .007 mg/i as N 
PO4 .02 .01 .02 
... 
.01 
.078 .078 .078 .08 .145 mg/i 





















4 1 3 4 4 2 4 4 1 mg/i 
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NINLET TO 
dote 
= = == = = = = 
12/5/83 






dis Co 37.1 
tot Mg 




dis Al <.1 
tot Fe 




dis olk 125 
Ci 29 
804 15.6 





















































mg/i as S 
mg/i as Si 
ITt g/l 
mg/i as N 
mg/i as N 
mg/i as N 
m g/l 
mg/i as P 
mg/i as 0 
mhos/cm 
mg/i 
1.2 / 5 / 85 
N - INLET TO K]:NGHORN LOCH 
EIt.Qt.iSt.iC:c1). 'ppuiis.J. - 4-c,r- 	4/18i •Lc, 24,'5,'E)3 
samples maximum minimum meart std.dev. ni20 rilO  
flow 118 53 .76 15.2944 13.1419 71 284 1135 1/s 
temp 115 17 1 8.00652 3.06302 14 56 225 C 
pH 118 8.6 7.1 8.09832 .216274 18 72 449 
tot Ca 51 85.1 26.2 51.0588 13.3633 7 26 105 mg/i 
dis Co 107 84.1 17.4 43.3674 11.2408 6 26 103 mg/i 
tot Mg 51 38.5 11.3 25.1412 4.61175 3 13 52 mg/i 
dis Mg 107 41 11.7 22.4075 5.87314 7 26 106 mg/i 
Na 115 28.5 8.3 20.7896 3.67736 3 12 48 mg/i 
K 115 2.4 <.1 .676609 .376607 30 119 476 mg/1 
tot Al 42 1.6 <.1 .386428 .330821 70 282 1126 mg/i 
dis Al 99 .8 <.1 .173838 .166724 88 353 1413 mg/i 
tot Fe 44 1.17 <.05 .190341 .223563 132 530 2120 mg/I. 
dis Fe 75 .61 (.01 .0836 .090905 114 454 1817 mg/i 
tot As 7 <.1 :.000s .010035 .017888 305 1221 4882 mg/i 
tot V 7 <.1 <.1 .05 0 0 0 0 mg/1 
to .aik .59 205 60 132.542 21.7028 3 10 41 mg/i CaCO3 
diik 103 240 60 136.748 21.8024 2 10 39 /1-CaCO3 
Ci 117 43 14 25.5761 4.40489 3 11 46 mg/i 
SO4 119 68.3 4.6 23.3849 9.90582 17 69 276 àig/l as S 
dis Si02 118 10.73 1.11 4.60542 1.13041 6 23 93 mg/1 as Si 
B 118 .15 .01 .060466 -.030661 25 99 395 mg/i 
NO2 119 .105 .001 .018453 .0184 95 382 1.528 mg/i as N 
NO3 119 9.6 1.3 7.25421 1.6683 5 20 81 mg/i as N 
NH3 119 1.9 .007 .147243 .258176 295 1181. 4724 mg/ 1. as N 
F 117 .43 .009 .136008 .079957 33 133 531 nug/i 
PO4 118 .68 <.01. .037627 .077502 407 1.630 651.9 nigh I as P 
1301' 2 1.1 .9 1 ... ... ... ... mg/i as 0 
El: 119 520 210 411.958 40.8353 1 4 1.5 mhos/cm 
ss 119 123 <1 6.20588 15.1215 570 2281 9123 mg/i 
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N - ]:NLET TC) KINOHORN LOCH 
stat.ie;t.ic:Q]. appT- 'iis]. - 4çr 3.E33. t. C) 	 4.011-5.01  
samples ma>iniunu minimum mean std.dev. ri20 rilO r,5 
======== ======== == 
tot Ca 51 2512.4 48.18 805.56 692.306 71 284 1135 mg/s 
dis Ca 105 2176.89 45.21 538.919 484.682 78 311 1243 mg/s 
tot Mg 51 1484 18.848 440.631 401.042 80 318 1273 mg/s 
dis Mg 105 1166.75 18.392 289.069 262.284 79 316 1265 mg/s 
Na 113 1224.3 10.4 323.694 296.693 81 323 1291 mg/s 
K 113 116.6 .4 10.4145 15.7453 220 878 3512 mg/s 
tot Al 42 22.718 .1 4.72957 6.27601 169 	- 676 2706 mg/s 
-dis Al 97 22.718 <.371001 2.35925 3.93016 267 1066 4264 mg/s 
tot Fe 44 38.025 .045599 3.51028 7.10631 394 1574 6298 mg/s 
dis Fe 73 17.69 <.019 1.19391 2.33998 369 1476 5903 mg/s 
tot As 7 <.760001 <.002601 .171614 .167352 91 365 1461 mg/s 
tot V 7 <4.4 <.520001 1.49143 .812556 29 114 456 mg/s 
tot alk 59 6625 102.6 2199.64 1897.02 71 286 1143 mg/s CaCO3 dis alk 101 6625 64.6 1986.27 1709.23 71 284 1.138 mg/s CaCO3 
Cl 115 1320 19 394.977 337.517 70 281 1122 mg/s 
SO4 117 1932 18.468 378.573 425.94 122 486 1945 mg/s as S 
dis Si02 116 	-. .568.69 2.5 75.228 78.646 105 420 1679 nug/s as Si 
8 116 4.41 .012 .90653 .95031 106 422 1689 mg/s 
NO2 117 2.12 .0083 .288501 .420299 204 815 3261 fig/s as N 
NO3 117 429.3 2.6 1.15.621 109.842 87 347 1387 fig/s QS N 
NH3 117 23.1 .02 2.5412 4.7137 330 	- 1322 5287 mg/s as N 
F 115 10.6 .0297 2.06462 2.22312 111 445 1782 mg/s 
PO4 116 33.32 <.01 .742008 3.30813 1909 7636 30543 mg/s as P 
801 2 8.28 2.2 5.24 ... ... ... ... mg/s as 0 
ss 117 5300 <1.5 156.116 636.317 1596 6382 25528 mg/s 
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TABLE A.3. Chemical analysis of the north inlet to 
Kinghorn Loch (at Craigencalt Farm) for the period 
30-5-1983 to 27-9-1984; including statistical 
appraisal. 
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N - INLEr T  KINGHC)RN LC)CH +',- t, C) 1O/7B3 





















11 9 10 10 C 
8.1 7.9 7.9 7.2 
tot Co ... ... ... ... ... ... ... 




mg/i tot Mg ... ... ... ... ... ... ... 




mg/i No 25 17.1 18.9 17.5 19.9 20.2 22.2 21.5 mg/i K 1.3 ... .12 .56 .33 	. .41 .39 .4 .4 mg/i tot Al ... .5 ... ... ... ... ... ... 




mg/i dis Fe <.01 ... :.i ... <.01 .04 .06 .05 .06 mg/i tot A ... <.005 ... ... ... ... ... 
tot V ... <.1 ... ... ... ... ... 
... 
... ... mg/i 
tot aik ... 130 ... . . - ... ... mg/i 
dis .ilk 135 130 
... 














... .1 .1 <.1 <.1 <.1 <.1 ' .1 mg/i as 
PO4 .04 












.01 .02 <.01 mg/i as F 




... mg/i as U 








99 5 2 3 4 4 1 2 5 2 mg/i 
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N - ]:NLET TO KINOHORN LOCH Fc,r 
date 18/7/83 26/7/83 1/8/83 6/8/83 
time 0840 0810 1555 1740 
flow 5.9 5.2 6.3 6.5 
temp . . . 11 11 12 
pH 8 8.1 8 8.2 
tot Ca . . - ... -. 
dis Ca 43.5 52.8 52.9 23.4 
tot Mg ... 
dis Mg 19.2 19.2 19.4 18.6 
Na 24.4 23 22 11.9 
K 4 .6 .6 .5 
tot Al ... 
disAl .1 ... 
... .2 
dis Fe <.05 <.05 <.05 <.05 
tot As ... 
tot  ... 
tot al.k ... ... ... . . - 
dis 	-21 P, 125 100 120. 155 
C]. 27 26 26. 27 
904 23.6 23.6 25 	... 23.6 
dis 8102 5.36 6.29 5.13 4.66 
B .1 .1 .1 .05 
NO2 <.01. .01 .01 .01 
NO3 8 7.4 7.6 7.7 
NH3 .1 <.1  
F .11 .44 .32 .25 
PO4 <.01 .02 .03 .01 
SOt' ... 
COD . . . . . . . . . 
EC 450 455 435 350 
ss 7 2 2 <1 
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1.D,7,3 t, C) 209..'E)3 
8/8/83 20/8/83 1/9/83 12/9/83 20/9/83 
1015 2045 1120 0930 0720 
4.5 3.6 3.9 5.2 i/s 
12.5 11 10 10 C 
7.9 7.9 7.9 8.1 8.2 




18.3 18.2 18.2 18.6 mg/i 
18.4 16.2 21.6 21.6 mg/i 
.6 .6 .5 .5 mg/i 
<.1 . .. . . . . . . . . . IT, g/i 
<.1 .1 .1 .1 .1 mg/i 
<.05 <.05 <.05 <.05 mg/i 
<.005 ... ... ... ... mg/i 
<.1 . . . . . . . . . . . mg/i 
125 ... 
... ..: ... mg/i CaCO3 
125 135 155 	.. 130 135 mg/i CaCO3 
27 	. 25 24 25 mg/i 
28 15.6 15.6 14.3 mg/i as S 
5.13 5.08 4.94 5.55 mg/i as Si 
.05 .1 mg/i 
.03 .05 <.01 .03 mg/i as N 
7.4 7 7.1 6.7 mg/i as N 
.2 .3 .1 <.1 mg/ 1. as N 
.16 .2 .15 .1 mg/i 
.04 .05 .04 .05 mg/i asP 
mg/i as 0 
mg/i as 0 
385 450 410 430 470 nuhos/cnu 
2 <1 6 <1 3 nigh 
N - INLET T  K INGHC)RN LOCH +cr- 29E33 t. C) 	93. 1.E3 3 . 
















flow 5.2 ... 3.3 5.9 15 12.2 9.2 10.2 8.3 i/s 
temp 10.5 ... 10.5 .. 9. 9.5 9 10 C 





















tot Mg ... ... ... ... . . - ... . . - mg/1 
dis Mg 19 15.4 18.2 18.1 18.6 18.4 18.4 18.3 17.8 mg/i 
Na 21 19.8 20.5 19.8 21 19.7 18.3 23.1 22 mg/i 
K .7 .5 .7 .6 .56 .62 .52 .59 .62 mg/i 
tot Al ... .3 ... ... ... ... ... ... 1.1 mg/i 
dis Al .1 .2 .1 .1 <.1 .1 .1 .4 .3 mg/i 
dis Fe .03 <.01 .25 .06 <.01 (.01 ::.01 <.01 .05 mg/i 
tot As ... <.005 ... ... .. ... ... ... .008 mg/i 
tot V ... <.1 ... ... ... ". ... ... <.1 mg/1 
tot •aiJ.. ... 140 ... ... 	 . ... ... ... 150 mg/1 CaCO3 
dis al V.. 	..... 145 130 150 145 135, 1.50 150 155 150 	.... mg/i CaCO3 
Cl 23 27 25 25 26 27 27 25 - 25 mg/1 
904 14.3 ... 20 20 19.6 18.3 18.3 21 1.9.6 mg/i as S 
dis Si02 5.36 3.63 5.31 5.41 4.85 4.85 4.66 5.13 4.94 mg/i as Si 
B .08 .23 .1 .05 .05. .05 .05 .05 .05 mg/i 
NO2 .01 .03 .01 .01 .01 <.01. 01 .02 <.01 mg/i as N 
NO3 6.6 7 6.7 6.9 9 8.8 8.5 8.6 8.4 mg/i as N 
NH3 .1 .02 .2 .1 .01. .01 .02 .01 <.1 mg/i as N 
F .13 ... .2 .27 .19 .13 .15 .23 .18 mg/i 
PO4 .03 .04 <.01. .06 <.01 <.01 <.01 .05 <.01 mg/i as P 
901' ... ... ... ... ... ... ... ... ... mg/i as () 
cot ... ... ... ... ... ... ... ... ... mg/1 as 0 
EC 455 470 440 435 385 445 420 440 445 nuhos/cm 
ss 1 6 13 5 6 5 <:1 1 <1. mg/i 
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NINLET TO KINGHORN LOCH cc)I- 19riiB3 tc) 17,1/84 
date 19/11/83 23/11/83 27/11/83 1/12/93 12/12/93 24/12/83 2/12/83 1/1/84 17/1/84 
time 0830 0720 1515 1655 1425 00 1445 1340 1130 flow 5.2 5.2 5.2 4.9 5.2 ... 29 ... 1.65 i/s temp 4 4 5.5 5.5 .5 ... 8 7.5 6.5 C pH 8.1 8.1 8.2 8.2 8.1 7.6 7.6 7.6 8.1 tot Ca ... ... ... ... ... ... ... ... 

























mg/i 21.9 21.9 23.5 24.3 22.9 17.7 20.3 20.8 17.5 mg/i K .55 .53 .69 .68 .57 .41 1.04 .59 .52 mg/i tot Al ... ... ... ... 












mg/i dis Fe <.01 <.01 <.01 <.01 .05 .07 .04 .09 .07 mg/i tot As ... ... ... ... ... ... ... 




tot aik ... ... ... ... mg/i 











































.1 .1 .05 .025 .15 .05 .025 mg/i 









<.01 <.01 <.01 mg/i as N 
NH3 .01 .01 <.1 -(.1 <.01 
9.3 9.4 11.4 mg/i as N 
F ... ... ... 
<.1 <.. 1 <.1 (.1 mg/i as N 














P op ... ... ... ... ... mg/i as 
COD .. . . . 	. ... ... ... 
... ,.. ... .. 















mg / 1 as 
nihos/cn 
0 
4 3 2 3 9 8 15 2 mg/i 
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KINC-)HORN LOCH qr- 29i,94 
1/2/84 6/2/84 20/2/84 22/2/84 = = = = = = = = = === = = = = 	==== = = = = == = == = = = 
1015 1315 0735 1530 
38 66 18.8 19.7 
6 5 6.5 6.5 
8 7.8 7.8 7.6 
42.4 3;.9 50:3 49:3 
18.1 15.46 19.24 17.59 
19 15.8 16.7 12.7 
.66 1.76 .5 .73 
.02 .19 .09 .02 
120 100 120 140 
29 29 28 - 29 
19.6 13.3 17 17.6 
4.1 3.91 4.33 4.47 
.025 (.025 .05 .075 
.005 .01 .005 .01 
12.3 11.4 12.8 12.7. 
.05 .1 .1 <.1 
.18 .23 .16 .21 
.03 .04 .02 .01 
435 305 430 445 








dis Ca 39.6 
tot Mg 




dis Al <.12 




dis aik 110 
CI 31 
804 18.3 
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1050 1015 1740 
===== == 
0940 
19.7 12.2 9.2 29 1/s 
6 8.5 7 7.5 C 
7.8 8 7.9 8 
58.5 45.2 49.7 47.9 
mg/i 
mg/i 
18.78 18.96 19.27 16.13 
mg/i 
mg/i 
20.3 20 23.4 64.5 mg/i 
.45 .34 .47 2.32 mg/1 
<.1 ... ... mg/i 
<.1 .8 .4 
... 
.6 mg/i 




125 115 . 120 140 mg/i CaCO3 
28 31 33 - 34 mg/i 
17 16 17 17 mg/i as S 
3.77 5.97 5.78 5.64 mg/i as Si 
.075 .05 .05 <.05 nug/L 
.08 .01 .01 mg/1 as N 
1.2.4 12.5 12 12.5 mg/i as N 
<.1 .03 .05 .05 mg/i as N 
.21 .13 .15 .13 mg/i 
.02 .02 .01 .02 mg/i as P 
mg/i as 0 




2 4 2 8 nug/]. 
N INLET TO KINOHC)RN LOCH 
date 
= = === = = = 
28/3/84 
== == = == = 
16/4/84 
== = === = = 
20/4/84 
= = == = == = 
time 1055 1930 0. 
flow 31.4 12.2 
temp 6.5 7 
pH 8 8.1 8 
tot Ca 
dis Ca 43.5 44.4 43.7 
tot Mg 
dis Mg 18.45 18.6 18.3 
Na 17.9 20.4 19.1 
K .55 .46 .46 
tot Al 
dis Al .4  
dis Fe .18 
tot As ... ... <.005 
tot  ... ... 
tut aik . . 
dis aik 15'". 110 120 
Ci 33 29 31 
904 13.6 16.6 
dis Si02 4.66 4.95 4.99 
B .05 05 
NO2 .01 .01 
NO3 9.9 11.2 11.6 
NH3 .01 <.1 <.1 
F .18 .14 .16 
PO4 .02 <.01 .02 
BOB 
EC 415 445 
99 17 <1 
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<.1 Rig/ ... 
51.4 mg/1 
.2 ... mg/i 
20 mg/1 
899 23.5 mg/i 
1.49 .9 mg/i 
356 ... mg/i 
mg/i 
<.05 mg/i 
.6 ... mg/i 
1.3 ... mg/1 
mg/1 CaCO3 
145 Fri q/i CaCO3 
13 31 mg/3. 
20 mg/i as S 
.79 4.57 mg/i as Si 
.05 nig/i 
.01 mg/i as N 
.5 9.25 mg/i as N 
.1 <.01 mg/i as N 
.17 .1 mg/i 
.56 .04 mg/i as P 
mg/i as U 
<5 mg/i as 0 
440 mhos/ca 
<1 mg/i 
N - INLET TO k]:Nc31-I01RN LOCH 
si t. ci t. I in t. J. C: Q]. •1 p p r- ui J. si ':1 1 + C) r 
samples maximum minimum mean 
flow 44 66 1.65 13.2716 
temp 41 12.5 .5 8.13415 
PH 49 8.2 7.2 7.98573 
tot Ca 1 .1 .1 .05 
dis Ca 47 58.5 23.4 41.4766 
tot Mg 1 .2 .2 .2 
dis Mg 47 32.5 15.4 18.7102 
Na 48 899 11.9 39.3313 
K 48 2.32 .12 .647292 
tot Al 6 356 <.1 59.6667 
dis Al 45 .8 <.1 .148 
dis Fe 44 .25 <.01 .046363 
tot As 6 .6 <.005 .103 
tot V 6 1.3 <.1 .258333 
tot aik 4 150 125 136.25 
dis 'ilk 49 155 100 131.531 
Cl 45 35 i3 27.3333 
804 45 28 9.6 18.0534 
dis Si02 48 6.29 .789999 4.58396 
B 44 .23 <.025 .065284 
NO2 43 .08 .005 .013023 
NO3 49 12.8 1 8.5755 
NH3 48 .3 <.01 .064062 
F 40 .44 .1 .173125 
PO4 45 .56 <.01 .034222 
E'Oti 1 .9 .9 .9 
COD 1 5 5 2.5 
CC 48 470 305 420.31.2 
ss 48 17 <.1 4.38542 
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3O5/83 t. c, 27 ,'9,'E34 
std.dev. ri20 r,10 r,5 
12.4348 84 337 1349 1/s 
2.51004 9 37 146 C 
.203712 16 64 399 
mg/i 
7.19365 3 12 46 mg/i 
mg/i 
2.3191 1 6 24 mg/i 
126.915 1000 4000 16000 mg/i 
.375111 32 129 516 mg/i 
145.174 569 2274 9097 mg/i 
.152845 102 410 1639 mg/i 
.054113 131 523 2093 mg/i 
.243489 537 2147 8587 mg/i 
.51031 375 1499 5996 mg/i 
11.0868 1 3 10 mg/i CaCO3 
14.296 1 5 18 mg/i CuCO3 
3.50325 2 6' 25 mg/i 
3.77015 4 17 67 mg/i as S 
.885876 4 14 57 nig/i as Si 
.039081 34 138 551 mg/i 
.014063 112 448 1792 mg/i as N 
2.65961 9 37 148 mg/i as N 
.054749 70 281 1122 mg/i as N 
.065081 14 54 217 mg/i 
.081714 548 2190 8761 mg/i as P 
mg/i as 0 
mg/i as (3 
34.3084 1 3 10 mhas/cnu 
4.27666 91 365 1461. mg/i 
N - INLET TO '(INGHQN LOCH 
'ii(c] cippr- s.cj 	- V 3 0,1 5,G3 t, c) 279,8 .4 
samples maximum 
== 
nuir,imun mear, std.dev. ri20 rulO ruS 
tot Ca ... ... 
= 
dis Ca 43 2501.4 
.. 















mg/s 1870.5 28.875 283.707 323.085 125 498 1993 ff19/S K 43 116.16 .857999 10.8142 20.1567 334 1335 5338 mg/s tot Al 3 9.13 1.97 5.58833 ... 




959 ii i6 3
mg/s 
mg/s dis Fe 41 12.54 <.049001 .929902 2.27267 574 2295 9178 mg/s tot As 2 .0665 .0664 .049824 .. 
tot V 2 1.33 .83 .539999 . . - 
... .. ... mg/s 
tot alk 2 1729 1245 1487 ... 
... .. ... mg/s 
























.311775 .457362 207 827 3307 mg/s as P 






... mg/s as 0 
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TABLE A.4. Chemical analysis of the west inlet to 
Kinghorn Loch (at roadside dam) for the period 14-6-
1983 to 27-9-1984; including statistical appraisal. 
page 254 	 APPENDIX 
t, C) iE3E33 




.2 .2 .3 i/s 
- . . 12 11.5 C 
8.2 8.2 8.1 
45 52.3 51.3 mg/i 
28.2 27.9 28.3 mg/i 
109.6 118 118.8 mg/i 
2.9 3.4 3.4 mg/1 
mg/i 
.1 ... ... mg/i 




265 275 260 mg/i CaCO3 
50 50 48 mg/i 
65 54.6 65 .mg/l QS' S 
3.03 3.17 2.56 mg/I. as Si 
.2 .25 .2 mg/i 
.05 .06 .04 mg/i as N 
2.1 1.8 1.8 mg/i as N 
.2 .1 .1 mg/i as N 
1.6 1,3 1 ng/:L 
<.01 .05 .05 mg/i as P 
nig/i as S 
mg/i. as 0 
mg/i as 0 
as 
820 780 780 nuhos/cm 
4 4 6 mg/i 
WEST INLET. TO 	k]:NGHORN LOCH fcr 	i463 
date 14/6/83 22/6/83 28/6/83 1/7/83 8/7/83 10/7/83 
time 1815 1900 1630 0900 0745 1600 
flow .8 <.8 <.8 .2 .2 .18 
temp 10 13 11 9.5 12 12 
pH 8.4 8.3 8.1 8.1 8.2 8.1 
dis Co 38.1 35.5 31.5 33.6 44.4 45.6 
dis Mg 44.4 27.5 29.3 31.7 27.6 27.1 
Na 108.1 101 108.3 107.4 113.9 103.4 
K 2.99 2.67 2.98 3.06 3.1 2.6 
tot Al ... ... ... 
dis Al .3 .6 .2 .1 .2 .2 
dis Fe .04 <.01 .:::.01 .01 <.05 <.05 
tot As ... ... ... 
tot  ... ... ... ... 
tot aik ... ... ... 
dis 	iaik 275 285 275 270 275 280 
Cl 59 65 52 53 53 48 
904 54.3 47.3 36.3 47,3 50.6 49.3 
dis Si02 2.33 2.47 2.02 2.33 2.33 3.21 
B .15 .15 .15 .15 .15 .25 
NO2 .13 .05 .07 .08 .08 .04 
NO3 3.5 2•9 2.7 2.6 2.4 2.3 
NH3 .:.1 .3 .2 .2 .2 .2 
F .62 .69 .56 .6 .56 .52 
F'04 .06 <.01 .03 .03 .03 <.01 
sulphide ... ... ... ... 







. 	. . 
760 
. . . 
780 
. . . 
800 
. . . 
800 840 
98 3 6 6 2 8 2 
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die Ca 11.9 




die Al .1 




die aik 290 
Ci 48 
904 68 
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8/8/83 
= = == = = = = 
20/8/83 



























LOCH f'c,y- 	6/E)/83 t.c 
1/9/83 
= = = = = = == 
12/9/83 
== == = = = = 
20/9/83 
= = = = = = = = 
1100 0915 0730 





















































880 	 900 
3 7 
1/10/83 





































m g / 1 
mg/i as S 
mg/i as Si 
mg/i 
mg/i as N 
mg/i as N 
mg/ 1. as N 
mg/i 
mg/i as P 
mg/i as S 
mg/i as 0 
mg/i as () 
asO 
mhos/cm 
in g I). 
L4E$T INLET TO 	KINGHC)RN L-OCH t'cir- 	91.003 
dote 9/10/83 20/10/83 25/10/83 2/11/83 7/11/83 9/11/83 
time 1640 0850 1815 0815 1710 1045 
flow .2 0 ... <.1 0 <.1 
temp ... . . - 9 8 
PH 8 ... 8.1 7.9 ... 7.6 
dis Co 44 ... 44-9 50.5 ... 52.9 
dis Mg 25.9 .. 24 27.1 ... 27.4 
No 112.6 ... 105 108.1 . 106.6 
N 3.38 . 3.83 4.1 ... 4.27 
tot Al ... ... ... ... 
... .1 
disAl .3 ". .4 .3 ." 
dis Fe .13 ... <.01 .01 ... .07 
tot As ... ... ... ... 
... .06 
tot  ... .-. ... ... 
... <.1 
tot oik ... ... ... .. 
... 305 
dis olk 320 ... 305 315 .. 305 
Cl 49 ... 51 49 .. 49 
SO4 60 . ... 52 54.6 ... 56 
dis Si02 3.73 ... 3.07 3.82 ... 4.1 
B .25 ... .2 .2 .2 
NO2 .02 ... .02 .05 
... 
... .09 
NO3 1.1 ... 2.5 1.5 ... .7 
NH3 .1 ... .15 .04 ... .1 
F .8 ... ... .49 ... .56 
PO4 .06 ... .02 .03 ... .01 
sulphide ... ... ... 
COD . . . . . . . . .  
[.10 ... ... ... 
[It) . . . . . . . . . . . . ... 
EC 810 .. 050 000 ... 840 
3 ... 4 9 ... 2 
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t. C) 	27,'I. 1. ,'83 
19/11/83 23/11/83 27/11/83 
======== ======== ======== 
0820 0715 1535 
<.1 <.1 .2 i/s 
3.5 2 5.5 C 
7.6 7.7 7.9 
53.2 54.1 48.8 mg/i 
28.6 28.5 27.3 mg/i 
105.7 104.1 108.6 mg/i 
4.09 4.37 2.82 mg/i 
mg/i 
<.1 .3 .1 mg/i 




310 305 320 mg/i CoCO3 
54 54 ... mg/i 
46.6 46.6 40 mg/i as S 
4.1 3.96 3.73 mg/i os Si 
.17 .25 .2 mg/i 
.04 .05 ... mg/i as N 
.8 .9 mg/i as N 
1.03 1.04 <.1 mg/]. -as N 
n,g/:L 
.1 .08 . . . mg/i as P 
mg/i as S 
mg/ 1. as 0 
mg/i is 0 
Z •s0 
820 820 720 mhos/cu, 
mg/l.  
WEST INLET TO 	KINGHC)IN LOCH fc)T- 	ii2,S3 t-.c 	2E8 
date 
2== ==== 
time 1715 1440 0... 1430 1350 1015 1550 1000 1300 
flow .2 .1 ... 1.6 ... ... 1.6 14.2 2.3 1/s 
temp 5.5 5.5 ... 8 6 3.5 6 s 5.5 c 
PH 8 7.8 7.7 8 8 8.4 7.9 8.2 8.2 
dis Ca 50.1 48.7 49 55.7 51_5 31.5 51.5 52.6 62.7 mg/i 
dis Mg 27.1 27.6 28.4 30.3 29.3 31.5 35.3 35.6 43.4 mg/i 
Na 107.2 108.1 154.8 129.3 129.3 406 221.6 287 388 mg/i 
2.82 3 6.81 6.67 4.95 12.86 8.01 8.61 17.75 mg/i 
tot Al ... ... ... ... ... .. ... ... 
... mg/i 
dis Al .3 .3 .5 .2 .2 .2 .1 <.1 .3 mg/i 
dis Fe <.01 .07 .05 .04 .08 .1 .14 .06 .05 mg/i 
tot As ... ... . . - ... ... ... ... ... mg/i 
tot v ... ... ... ... ... ... ... ... ... mg/i 
tot alk ... ... .. ... ... ... ... ... 
... 
... mg/i CaCO3 
dis alk 310 310 305 300 275 430 360 410 460 mg/i CaCO3 
Ci ... . . - 57 60 55 70 62 75 70 mg/i 
SO4 40 48 112.3 111.3 91 246.6 166 166 270 mg/i as S 
dis Si02 3.63 3.87 3.35 335 3.35 2.7 3.31. 2.T 2.98 mg/i as Si 
B .2 .2 .25 .25 <.025 .55 .325 .3 .5 mg/i 
NO2 ... 
.. 
.04 .04 .1 .04 .025 .03 .06 mg/i as N 
NO3 .9 .7 3.5 3.5 4 2.3 5.4 3.6 5 mg/i as N 
NH3 '(.1 .03 <.1 .2 <.1 .1 .07 1.06 .1 mg/i as N 
F ... ... ... ... .78 1.8 1.1 1.5 2.2 mg/i 
F04 ... ... .02 .03 .05 .1 .05 .04 .08 mg/i as P 
sulphide .. ... ... ... .. ... ... ... 
... ITug/l as S 
Cot' ... ... ... ... ... ... ... ... 
... mg/i as 0 rio . . . . . . . . . . . . . . . . . . . . . . . 	. . . . mg/i as 0 
DO ... ". ... ... ... .. ... ,.. ... asO 
EC 740 800 800 870 940 1.850 1.360 1550 1700 mhos/cm 
<1 4 4 6 2 2 11 4 6 mg/] 
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WEST INLET TO 	KINGHC)RN LOCH 
date 20/2/84 2242/84 	29/2/84 6/3/84 
time 0730 1535 1030 1040 
flow 2.3 2.8 2.9 2.2 
temp 6 6.5 6.5 7 
PH 8.4 8.4 8.7 9 
dis Ca 30.9 33.7 17.7 14.4 
dis Mg 27.79 25.52 21.13 20.12 
Na 545 476 390 308 
K 18.75 16.65 16.04 7.04 
tot Al ... ... 1.3 
dis Al .6 .5 1.2 3.6 
dis Fe .01 .08 .04 .02 
tot As ... 
tot  ... 
tot alk ... 
dis alk 525 500 490 460 
Ci 65 61 64 59 
904 288.3 250 216.6 124.6 
dis Si02 2.05 2.05.. 1.63 1.49 
B .6 .5 .475 .35 
NO2 .11 .1 .21 .17 
NO3 3.6 3.7 3.5 3.35 
NH3 .1 <.1 .1 .02 
F 3.1 2.9 3 2.5 





EC 2430 2160 2050 1.400 
S3 1 1 2 6 
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+'C)r 	2O!,'84 t.c 	2i'9./54 
11/3/84 21/3/84 28/3/84 16/4/84 27/9/84 





.3 .2 .2 <.1 <.1 1/s 
7 4.5 6.5 7.5 12 C 
8.5 8.1 8.1 8.5 8.5 
27.9 46.8 46.8 27.9 25.8 mg/i 
24.31 19.65 30.13 24.2 23.1 mg/i 
233 226 185.3 173 416 mg/i 
6.43 6.3 7 3.53 9 mg/i 
1.7 1.3 .6 .4 ... 
mg/i 
mg/i 
.03 .07 .05 ... <.05 mg/i 
- ... ... ... mg/i 
mg/i 
-. ... ... mg/i CaCO3 
410 310 280 32 5 420 mg/i CaCO3 
58 52 60 53 52 mg/i 
119.3 73 123.3 80.3 109.3 mg/i as S 
2.33 3.12- 3.03 2 2.33 mg/i asSi: 
.5 .25 .35 .25 .35 mg/i 
.17 .02 .03 .03 .06 mg/i as N 
3.5 2.8 5.4 2.2 .8 mg/i as N 
.12 .14 <.01. <.1 .1 mg/i as N 
1.8 .6 .9 1.1 2.2 mg/1 
.05 .03 .02 .01 .4 mg/i as P 
rug/i as S 
19 mg/i as 0 
mg/i as 0 
1210 940 1150 580 1160 
X 	as  
mhos/cm 
S U <.1 1 2 mg/i 
WEST INLET TC) 	K3Nc3HORN L.00H 
st.ati;t.ic:ck]. Qpp - ciisci]. - 	 Fci- 	14,6,83 t. c) El 4 
samples maximum nhirimun, mear, std.dev. ri20 r,10 nS 
flow 39 14.2 0 .908461 2.33938 637 
== 
2547 10190 1/s temp 36 13.5 2 8.11111 3.07318 14 55 221 C pH 42 9 7.6 8.10476 .295578 34 134 839 dim Ca 41 62.7 11.4 41.539 12.6591 9 36 143 mg/1 dim Mg 41 44.4 19.65 27.8988 5.01465 3 12 50 mg/1 Na 41 545 101 181.544 119.939 42 168 671 mg/1 K 41 18.75 2.6 5.80463 4.42886 56 224 895 mg/i tot Al 4 1.3 <.1 .4375 .585057 172 687 2748 mg/1 dim Al 39 3.6 <.1 .428205 .628154 207 827 3307 mg/i dis Fe 40 .14 <.01 .038625 .033107 71 282 1129 mg/i tot As 3 .11 .05 .073333 ... ... ... ... mg/i tot V 3 .2 .1 .1 ... ... 
tot 'ilk 3 310 270 295 • .. ... 
... ... mg/]. 








CaCO3 Cl 38 75 48 55.9737 6.90671 1 6 23 mg/i SO4 40 288.3 36.3 95.0725 69.6343 52 206 824 mg/i as S dim Si02 41 4.1 1.49 2.98829 .708197 5 - 	 22 86 mg/i as Si 40 .6 <.025 .274562 .124625 20 79 317 mg/l. NO2 38 .21 .02 .061973 .045195 51 204 817 nigh as N NO3 41 5.4 <.1 2.30244 1.39888 35 142 567 mg/3. is N NH3 41 1.06 (.01 .185 .254735 182 728 2913 mg/i as N F 32 3.1 .38 1.20156 .815554 44 177 708 mg/i PO4 38 .4 <.01 .056052 .064011 125 501 2004 mg/i 'is P sulphide 4 .19 .04 .085 .071414 68 271 1085 mg/i as S cor.' 1 19 19 19 . . . . . . 
1.1 C.) 5 6.8 6.3 6.5 .199992 0 




mg/i is 0 
rio 5 63.4 54.7 57.94 3.75819 0 2 6 
mg/i as 0 
U 42 2430 580 1024.29 432.35 17 68 274 
is 
mhos/cm 95 40 11 <1 3.55 2.51.61 48 193 772 mg/i 
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WE3T INLET 
m t a t. J. E t. 1. C: a]. 
samples 
dis Co 36 
dis Mg 36 
No 36 
K 36 
tot Al 2 
chs Al 33 
dis Fe 35 
tot As 1 
tot 1 
tot alp. 1 
dis ilk 36 
Cl 33 
SO4 36 
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TO 	k]:NcHc)RN LOCH 







std.dev. r,20 n1O rp5 




832 3329 13317 
== 
mg/s 
505.52 1.155 30.935 85.1161 727 2908 11633 mg/s 
4075.4 5.205 295.192 747.375 616 2463 9850 mg/s 
122.262 .1765 9.94652 23.7785 549 2196 8782 mg/s 
3.77 .005 1.8875 ... ... ... 
... mg/s 
7.92 <.005001 .544802 1.48423 713 2851 11405 mg/s 
.852 <.000501 .052285 .150125 792 3167 12668 mg/s 
.003 .003 .003 ... ... ... 
... mg/s 
.005 .005 .0025 ... ... ... 
... mg/s 
15.25 15.25 15.25 ... ... ... 
... mg/s CaCO3 
5822 15.25 403.872 1017.73 604 2416 9662 mg/s CaCO3 
1065 2.45 70.5967 187.31 676 2704 10817 nig/s 
2357.2 2.33 167.207 429.074 632 2530 10119 mg/s as S 
38.34 .1 2.50948 6.43132 631 2523 10093 mg/s as Si 
4.26 .0085 .3554 .8028 490 1960 7841 mg/s 
.608999 .0015 .076536 .145986 349 1398 5591 mg/s as N 
51.12 <.015 3.48546 8.88337 624 2495 9982 mg/s as N 
15.052 <.002 .479583 2.49945 2609 10435 41738 mg/s as N 
21.3 .0245 2.05354 4.47105- 455 1821 7284 mg/s 
.567999 <.000501 .059474 .117728 376 1505 6021 mg/s as P 
.038 .004 .01375 	- .016214 134 534 2137 nig/s as S 
.95 .95 .95 ... ... ... 
... mg/s as 0 1.32 .64 .972 .316101 10 41 163 mg/s as 0 
12.68 5.54 8.727 3.13635 12 50 198 as 0 
56.8 .05 4.14883 10.2741 389 2356 9423 mg/s 
TABLE A.5. Chemical analysis of Kinghorn Loch at 
outlet sluice for the period 4-1-1981 to 24-5-1983; 
including statistical appraisal. 
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I<INGHORN LOCH AT OUTLET cc,v- 	4i81 t.C) 	3,2,E3i 

















flow ... 51 32 42 46 ... 26 32 26 i/s 
temp 4 4 .5 1.5 4 5 2 4 2 C 
pH 9.8 9.9 9.7 9.7 9.5 9.3 9.7 9.6 9.7 
tot Ca 14.6 12.7 56.8 53.8 54.8 ... 31.3 31 12.3 mg/i 
dis C. •.- .•. ... ... ... ... 





dis Mg ... ... ... ... ... ... ... .. ... mg/i 
Na 238.1 230.8 249 234 235 ... 213 223 216 mg/i 
K 6 5.6 4 4 4 ... 3.8 3.7 3.2 mg/i 
tot Al 4.8 4 7.3 6.4 7.8 6.4 9 8.3 8.8 mg/i 
dis Al 4 4.1 6.8 5.8 7.5 1.7 ... ... ... mg/i 
tot Fe .2 .1 .5 .4 <.1 ... ... ... ". mg/i 
dis Fe ... . . - ... ... ... .. ... ... 





tot V .7 .6 .6 .5 5 ... ... ... .6 mg/i 
tot alk 345 355 375 375 355 370 370 395 380 mg/i CaCO3 
dis aik -. 	345 350 385 365 365 	- 365 370 395 365-v- mg/i CaCO3 ci 72 67 44 45 39 ... 23 24 
- 
25- mg/i 
604 60 54.6 49.3 52 55 ... 53 58.3 46.3 mg/i as S 
dis Si02 1.49 1.53 1.58 1.67 1.81 ... 2.23 2.42 .93 mg/i as Si B .09 .09 .09 .08 .08 ... .1 .13 .08 mg/i 
NO2 .32 .16 .04 .04 .05 ... .31 .32 .02 mg/i as N 
NO3 2.8 3 3.6 4 3.15 ... 8.5 3 8.8 mg/i as N NH3 .7 .4 <.1 .1 .6 ... <.1 .2 .1 mg/i as N 
F 1.4 1.9 2.1 2.1 1.9 ... .9 .7 1 mg/i 
PO4 .04 .02 .09 .11 .05 ... .08 .07 .09 mg/i as P 
POD ... ... ... ... ... 
LID ... ... ... 
... ... ... 
... mg/i as 0 
DO ... ... 
... ... ... .. ... 
... mg/i as 0 
















mhos/cu,  ss 7 6 7 5 8 13 13 28 25 mg/i 
ash ... .. ... ... ... ... ... ... 
chi ' phyii . . . . . . . . . 
... mg/i 
. . . . . . . . . . . . - . . . . . 
12 / 5 / 85 
KINOHORN LOCH AT OUTLET Pc)!- 2,'2?,'e1. t. c) 2'4'e1. 
date 27/2/81 9/3/81 . 	14/3/81 21/3/81 29/3/81 30/3/81 9/4/81 20/4/81 26/4/81 





flow 18 32 65 58 58 26 26 26 1/s 
temp 2 5 6 5.5 7 8 9 11 9 C 
pH 9.7 9.8 9.8 9.5 9.5 9.5 9.6 9.6 9.6 - 	-• 
tot Ca 4 14.2 5 .3 3.7 6.4 3.6 4.6 mg/i 
dis Ca ... . -. ... .2 2.1 4.6 1.8 4.4 mg/i 
tot Mg 16.5 21.1 17.3 2.8 14.1 13.5 12.3 12.4 mg/i 
dis Mg ... ... ... 1.6 2.1 12.2 10.9 10.5 mg/i 
Na 218 222 225 223 219 218 222 225 mg/i 
K 3.4 3.3 3.3 3.3 3.8 ... 3.4 4 3.8 mg/i 
tot Al 9.1 11.7 6.6 6.5 10.2 ... 12.7 10.3 10.2 mg/i 
dis Al .. - ... ... 5.9 5.5 ... 11.3 10.5 10.1 mg/i 
tot Fe ... ... ... ... ... ... 
... .1 .2 mg/i 
dis Fe ... .. ... ... ... .. ... ... mg/i 
tot As ... .. .31 ... ... .28 ... ... 
... 
.32 mg/i 
tot V .. ... .6 ... ... 6 ... ... .5 mg/i 
tot alk 390 375 385 325 330 390 360 370 370 mg/i CaCO3 
dis alk 380 . 	380 	---- 350 325 325 350 	.... ... 370 - 360 355 mg/i CaCO3 
Cl 24 40 38 38 39 ... 36 39 	. 39 mg/i 
SO4 44.3 35.6 36 41.8 36.3 ... 36.3 56.6 58.6 	.... mg/i as S 
dis Si02 1.3 1.49 1.91 .74 .6 . 1.63 1.49 1.39 mg/i as Si 
8 .1 .13 . 	.09 .1 .1 ... .15 .15 .14 mg/i 
NO2 .02 .05 .06 .22 .03 ... .04 .05 .07 mg/i as N 
NO3 8.8 3.454 3.1 3.8 3.2 ... 3.9 3.6 3.7 mg/i as N 
NH3 .1 .02 .2 .3 .2 ... .2 .5 .3 mg/i as N 
F .8 1.25 1.3 2.1. 2.1 ... .9 1.2 .9 nug/i 
PO4 .07 .14 .07 .6 .05 ... .11 .09 .1 mg/i as P 
8orI . . . . . . . . . . . . ... 
.. . 
. . . . . . . . . . . . mg/i as 0 
hO ... . . . . . . . . . . . . ... . . . . . . mg/i as 0 
. . . . . . . . . . . . . . . . . . . . . - . . Z as 0 
EC 760 820 740 820 820 850 800 840 820 mhos/cm 
S9 16 36 15 69 65 16 13 12 15 mg/i 
ash .. . ... . . . ... . . . ... ... . . . . . . mg/1 
c: I-  .. . . . . . . . . . . . . . . . . 
... ... 
	 - 21 ug/l 
12 / 5 / 85 
I<INGHC)RN LOCH AT OUTLET +'c)T- 2,5rel. t.c, 	978i 
dote 2/5/81 23/5/81 1/6/81 9/6/81 
................................................................................ 
13/6/81 21/6/81 . 28/6/81 1/7/81 9/7/81 
time 1550 1320 1735 1740 1115 2100 1635 1605 0950 
flow 26 46 18 18 18 26 18 18 5 i/s 
temp 10 15 17 16 16 19 16 17 16 C 
pH 9.7 9.7 9.8 9.8 9.8 10 9.9 10 9.7 
tot Ca 12.2 16 11.4 6.2 5.3 5 3.9 6.6 4.1 mg/i 
dis Ca 6.7 13.1 5.7 6.1 3.4 . 	 2.5 2.5 3.5 2.4 mg/i 
tot Mg 12.4 11.3 9.2 6.1 5.4 6.6 5.2 5.6 7.3 mg/1 
dis Mg 9.6 9.1 3.5 5 3.8 1.4 4.4 5 5.4 mg/i 
Na 189 189 151 210 194 196 197 195 210 mg/i 
K 2.8 2.2 2.2 3 2.9 3 2.8 2.6 2.8 mg/i 
tot Al 10.1 8.6 	. 8 7.3 7.5 3.3 5.2 5.7 5.5 mg/1 
di.s 	Al. 10.2 9.7 5.4 5.9 6.7 2.1 4.9 4.6 5.4 mg/i 
tot Fe <.1 .1 .2 .1 ..1 .4 .2 .2 .1 mg/1 
dis Fe ... ... ... ... ... ... ... ... mg/i 
tot As ... ... ... .29 ... ... ... .36 mg/i 
tat  ... ... ... .3 ... 
... 
.2 mg/i 
tot silk 475 335 340 390 - 	 365 365 365 360, 390 mg/i CaCO3 
dTs alk 365 335 340 -320 350 365 375 360 ... mg/i CoCO3 
Ci 37 39 38 ... 36 35 31 37 mg/i 
604 56 55.3 51.6 57.6 42.3 48.6 55.3 56.3 58 mg/i as S 
dis Si02 1.44 1.11 1.21 .74 .88 1.02 .88 .97 .74 mg/i as Si 
B .2 .09 .19 .15 .1 .1 .1 .1 .15 mg/i 
NO2 .07 .06 .07 .01 <.01 .05 .06 <.01 .01 mg/i as N 
NO3 3.6 2.4 2 .9 .7 .3 .7 .7 <.1 mg/i as N 
NH3 .06 .3 .2 <.1 1.3 .3 .2 .1 1.6 mg/i as N 
F .96 .33 .32 .27 .27 1.25 1.25 1.6 1.7 mg/i 
PO4 .07 .07 <.01 <.01 .03 .07 .08 .7 .1 mg/i as P 
Boti ... ... ... ... ... ... ... ... mg/i as 0 
mg/i as 1) 
DO ... ... ... ... ... ... ... ... Z as  
EC 820 770 660 870 770 830 840 830 920 mhos/cm 
SS 20 10 36 14 20 33 18 31 16 	. nig/i 
ash ... ... ... ... ... ... ... ... mg/i - 
chl'phyll ... 202 51 320 35 15 97 ... 18 ug/l 
12 / 5 / 85 
t, C) 99B1. 
18/8/81 
= = = ==== = 
24/8/81 







































































































mg/i as S -. 
mg/i as Si 
nu g/l 
mg/i as N 
mg/]. as N 
mg/i as N 
mg/1 
mg/i as P 
mg/i as 0 
mg/i .is 0 
•4 	'isO 
us g / 1 
Rug/i 
ii g/l 
K]:NGHORN LC)CH AT 
dote 20/7/81 21/7/81 
time 1710 1300 
flow 5 
temp 17.5 
pH 9.9 9.8 
tot Co 3.4 
dis Ca 2.4 . . - 
tot Mg 6.5 
dim Mg 5.3 
Na 207 
N 2.4 
tot Al 4.9 5.8 
dim Al 5.2 




tot 'ilk 390 390 
dim 'ilk .. 355 
Ci 35 
604 37.6 
dim Si 02 .88 
B .15 







EC 780 800 
SS 9 20 
ash 
chl'phgll <10 35 
12 / 5 / 85 
OUTLET PDI- 2O7O3. 
25/7/81 3/8/81 9/8/81 
= = = = = = = = ===== === = = = == = = = 
1355 0915 1230 
10 13 24 
17 18 18 
10 10 9.8 
1.9 2.6 4.7 
2.7 2.7 1.2 
6.3 5.4 5.9 
<.1 5.7 5.2 
178 223 244 
2 2.8 3.6 
6.3 6.3 4.8 
5.7 5.3 4.9 
.33 
.4 
390 400 400 
390 400 400 
37 32 34 
48 61.3 43.6 
.83 .93 .97 
.15 .15 .1 
.05 .03 .02 
.5 .2 .2 
.3 .06 .31 
3.5 4.8 .9 
.1 .09 .42 
1.040 840 780 
6 6 7 
KINOHORN 	LC)CH 	iT OUTLET Fc)r i5.'9.,)1 tc,  




28/9/81 5/10/81 12/10/81 20/10/81 30/10/81 1/11/81 




1530 0935 flow ... <5 <5 26 <5 5 32 32 5 Us temp 15 15 15 14 11 7 8 6 6 C pH 9.5 9.6 9.7 9.7 9.7 9.8 10.1 9.9 9.9 






6.4 7.1 8.3 8.1 8.4 7.8 mg/i 
tot Fe 
... 





7.3 8.1 8.6 7.9 mg/i 






. . - 
<.1 mg/i 
tot As .3 ... ... .. mg/i 
tot  .4 ... ... 
... ... ... 






































31 32 mg/i 










Si B ... .1 .95 .7 .05 .15 .1 .1 .1 mg/i NO2 
NO3 












.8 .2 <.1 .1 mg/i as N 
























.08 .18 .21 mg/i as P 




... mg/i as 0 
I'D ... 97.3 102.2 ... 95.3 
... 
... 
. . - ... 
... mg/i as 0 
EC 820 
34 





















12 25 21 mg/1. 
chi'phyli ... <10 ... 

















tot Ca 9.4 
dis Ca 3.5 
tot Mg 10.8 
dim Mg 7.1 
Na 277 
K 3.8 
tot Al 7.1 
dim Al 7.1 













































































































810 780  
17 17 
67 	 15 
21/12/81 


































































48.6 mg/i as S 
2.65 
	
mg/i as Si 
.05 ni g / 1 
.18 
	
mg/i as N 
1.9 mg/i as N 
.3 
	
mg/i as N 
1.3 mg/i 
.1 	 mg/i as P 
mg/i as 0 
mg/i as 0 
7 	as  
875 	 mhos/cm 
8 mg/i 
mg/i 
ii g / 1 
KINOHORN LOCH AT C)LJTLET cc),- 1iE32 t.C) 	1.0/382 





1250 0900 1800 1310 1410 1725 0810 1815 
flow 13 68 55 56 53 37 18 40 32 
1/s 
temp 2 .5 2 4 4 4.5 3 4 4 
C 
pH 9.6 9.9 9.7 9.9 9.9 9.9 10 10.1 10.1 
tot Ca 5.7 14.9 17.4 11.5 ... ... ... ... ... mg/i 
dis Ca 5.8 7.8 15.7 7 4.5 4.9 3.5 .9 .7 mg/i 
tot Mg 8.2 11.5 14 21.2 ... ... ... ... 
... mg/i 
dis Mg 8.4 11.5 14.5 19 8.7 9.3 3.2 7.7 10 
mg/i 
Na 250 217 160 227.8 254 242 280 276.6 264.8 
mg/i 
K 3.67 3.4 2.69 3.2 3.5 3.5 3.8 4.1 2.73 mg/i 
tot Al 7.4 7.3 5.7 6.9 ... ... ... ... ... mg/i 
dis Al 7.2 7.2 5.2 6.9 5 5.6 5.6 7.7 8.3 mg/i 
tot Fe <.05 <.05 <.05 .4 ... ... ... ... ... mg/i 
dis Fe .05 <.05 <.05 ... <.05 <.05 <.05 .07 <.05 mg/i 
tot As ... ... .17 ... ... ... ... ... ... mg/i 
tot ... ... .2 ... ... ... ... .. ... mg/i 
tot al P, 460 395 295 420 ... ... ... ... ... mg/i CaCO3 
dis .alk 460 380 295 420 465 435 475 495 520 mg/i CaCO3 
Ci 36 34 34 34 34 34 39 42 38 mg/i 
804 55 44.3 36 45 44.3 47.3 45 45.6 47.6 mg/i as S 
dis Si02 1.07 .55 1.72 1.49 1.02 1.39 .6 .88 .74 mg/i as Si 
B .075 .075 .075 .075 .1 .025 .075 .1 .1 mg/i 
NO2 .18 .12 .09 .14 .18 .2 .27 .24 .25 mg/i as N 
NO3 1.8 3.6 5.1 3.2 2.6 3.2 3.4 3 3.8 mg/i as N 
NH3 .2 .4 .2 .4 .2 .3 .1 .2 .4 mg/i as N 
F 1.5 1.3 1 .17 .9 .96 .9 .76 .92 mg/i 
PO4 .11 .07 .06 .11 .17 .08 .06 .1 .07 mg/i as P 
Boi l ... ... ... ... ... ... ... ... ... mg/i as 0 
rio ... ... 12.1 ... ... ... ... ... .. . mg/i as 0 
rio ... ... 87.5 ... ... ... ... ... ... as 0 
EC 780 820 660 ... 1030 1040 1080 1.020 1060 mhos/cm 
SS 12 12 9 5. 16 56 40 26 28 mg/i 
'ash ... ... . . . ... . . . ... ... . . . . . . mg/i 
chi'phyii ... 12 ... ... ... 22 25 52 18 ug/i 
12/5/85 
KINCiHORN LOCH AT C)LJTLET Fcy- 1.43,'E2 t, C3 	3.1. 582 
date 14/3/82 18/3/82 27/3/82 1/4/82 11/4/82 15/4/82 26/4/82 1/5/82 11/5/82 
time 0955 1455 1845 1005 1730 2000 1925 1640 1050 
flow 28 24 26 26 46 49 <5 . 	. 5 1/s 
temp 4.5 .. 7 6.5 7 ... 9.5 10 ... C 
pH 10 10_1 10.1 10.2 10.4 10.2 9.9 10.4 10.5. 
tot Co . .. ... ... ... .•. ... ... 
dis Co .7 3.7 2.5 2.4 .8 1.1 <.5 <.5 1.6 
mg/i 
mg/1 
tot Mg ... ... ... ... ...  ... ... mg/1 
di.s Mg 7.1 4.5 1.3 1.1 .21 .78 1.76 .65 .7 mg/1 
Na 276.2 284.4 303 291.6 280 284.2 240.4 279 261.9 mg/i 
K 3.34 3.9 4.1 4 3.78 3.75 2.71 2.96 3.5 mg/1 
tot Al ... 10.3 . .. . .. ... ... ... ... 5 mg/i 
dis Al 7.7 7.2 5.7 6.1 5 5.4 2.1 4.6 ... mg/i 
tot Fe ... ... ... ... ... ... ... ... ... mg/i 
dis Fe <.05 :.os <.05 <.05 .06 .24 .21 .14 <.05 mg/i 
tot As ... .35 ... ... .36 ... ... ... .19 mg/i 
tot  ... •.6 ... ... .5 ... ... ... .5 mg/i 
- 	tot 	al P, ... 515 ... . 	.... ... ... ... . 540 mg/i CaCO3 
dis aik 500 500 465 475 480 485 455 -5I5 540 mg/i CaCO3 ci 37 45 41 43 38 38 43 39 38 mg/i 
SO4 46.6 47.6 49.6 40 40 39 44 38.3 45.3 mg/i as S 
dis9i02 1.3 1.07 1.21 1.3 1.11 .88 1.11 1.02 1.04 mg/i as Si 
B .1 .08 .09 .09 .09 .09 .09 <.05 .17 mg/1 
NO2 .26 .3 .31 .24 .13 .2 .19 .15 .02 mg/i as N NO3 2.7 2.7 1.9 .1.4 .2 .8 1.6 .6 mg/ 1. as N 
NH3 .7 .7 .9 .55 <.1 <.1 .7 <.1 1.1 mg/i as N 
F .74 .8 .92 .96 2 2.1 1.9 1.65 1.4 mg/1 PO4 .12 .1 .2 .05 .08 .07 .11 .08 .2 mg/i as P 8cr .. . . . . . . . 
r'o ... ... 
. . . . . . . . . . . . ... ...  mg/i as 0 
ri o ... ." 
. 	. 
... 
... ... ... ... ... ... mg/i as 0 













/ 	as  
nhos/r.n 
SS 50 41 78 72 88 83 	. 36 63 51 	 . mg/i 
ash ... ... ... .. ... ... ... ... 4 mg/i 
c:hi'phii 194 72 34 88 261 194 302 115 96  
12 / 5 / 85 
8/7/82 19/7/82 
= == = = = == 
0855 2105 
80 <5 1/s 
16 18 C 
10.2 9.9 
mg/i 
2.7 3.4 mg/i 
mg/i 
1 1.1 mg/1 
266.7 270.2 mg/i 
4 4.1 mg/i 
mg/i 
6.9 7.7 nig/l 
mg/i 




500 535 mg/i CaCO3 
39 39 mg/i 
30.6 mg/i as S 
.83 1.07 mg/i as Si 
.05 .05 mg/1 
.07 .07 mg/i as N 
.1 mg/i as N 
.13 .5 mg/i as N 
1.4 1.3 mg/1 
.1 .09 mg/i as P 
ma/i as 0 
nua/i us U 
1030 	 1060 
19 10 
16 
•i 	as  
nih os/c ni 
mg/i 
fig! i 
u g / 1 
I]:NGHc)RN Lc)c::H AT OUTLET Fc,y- 3.E35E2 t. c, 	3. 97G2 
date 18/5/82 26/5/82 1/6/82 7/6/82 
== 
16/6/82 23/6/82 1/7/82 
time 1305 1010 0720 1615 1610 1610 0750 
flow 60 55 <5 58 <5 <5 <5 
temp 14 14.5 16 21 13.5 13 14 
pH 10.3 10.5 ... 10.3 9.9 10.2 9.9 
tot Ca ... ... ... ... 
dis Ca 1.8 .8 ... 1.7 1.4 8.9 1.5 
tot Mg ... ... ... 
dis Mg .71 .2 ... .2 1.3 1.6 .4 
No 243 251.5 ... 240.7 233.8 258.1 267.3 
K 3.2 3.5 ... 3.4 3.1 3.6 3.7 
tot Al ._ ... ... ... 
dis Al 4.6 4.1 ... 4.3 4.7 6.8 5.0 
tot Fe ... ... ." ... 
dis Fe <.05 .08 .. .35 .11 .04 .03 
tot As ... ... ". .33 
tut ... ... ... .3 
tot alk ... ... ... 490 495 - 535 
dis aik 515 505 .. 480 470 480 475 
Ci 42 38 ... 39 42 41 39 
SO4 41.6 45 ... 45 48.6 
dis Si02 .62 .86 ... 1.07 1.07 1.04 .97 
B .1. .1 ... .1 .075 	- .1 .05 
NO2 <.01 <.01 ... <.01 .oi .01 <.01 
NO3 <.1 •.:. 1 . <.1 .1 .1 <.1 
NH3 <.1 <.1 ... .2 .4 .07 .7 
F 1.9 2.1 ... 2.1 2 2.1 1.45 
PO4 .1 .07 ... .08 .1 .17 .08 
DO ... ... ... ... 
110 . . . . . . . . . . . . . . . . . . 
EC 1150 1160 . . . 1040 1120 1130 1190 
46 61 ... 50 33 40 34 
ash 7 ... ...  ... ... 
chl'phj11 82 221 ... ... ... 31 21 
12 / 5 / 95 
K]:NOHC)RN. LOCH AT OUTLET +'C)r t.C) 	i29E) 
dote 26/7/82 1/8/82 4/8/82 12/8/82 19/8/82 22/8/92 1/9/82 3/9/82 12/9/82 
time 2155 1230 1145 1745 1755 1740 1205 1730 1200 flow <5 <5 <5 <5 <5 <5 >50 <5 <5 i/s temp 19 19 ... 16 14 15 14 10.2 15 C pH 9.7 10.1 10.1 10.2 10.1 10.2 10.3 10.1 10.4 tot Co ... ... ... . 	. ... ... ... 



























mg/i No 274 277.2 273.6 277.7 283 288 287 335 326.6 mg/i K 4.4 4.2 3.9 4 5.5 4 4.2 4.9 5.1 mg/i tot Al ... ... 6.5 ... ... ... 








mg/i tot Fe ... ... ... ... .. ... ... 
... dis Fe 
tot As 
















... .4 ... .5 ... mg/i 


























.2 .1 <.1 <.1 <.1 mg/3. as N 









.2 mg/i as N 




P BOB ... ... .5 mg/i as 
rio . . . . . . . . . 
... 
. . . 
... ... ." ... 
... mg/i as 0 
rio 
. . . . . . . . . . . . . . . 

























9 26 14 20 33 31 49 mg/i 











... ... 21 ug/i 
12 / 5 / 85 
8/11/82 17/11/82 









































mg/1 as S 
mg/i as Si 
mg/i 
mg/i as N 
mg/i as N 
mg/i as N 
mg/i 
mg/i as P 
mg/i as 0 
mg/i as 0 
Z 	as  
mhos/cm 




KINcn-IORN 	LC)CH AT C)LJTLET 
date 19/9/82 23/9/82 26/9/82 
= == == = = == = ==== = = = ==== = = == == = = = = 
time 1720 1150 1810 
flow <5 ... <5 
temp .. ... b_s 
pH 10.4 10.3 10.5 
tot ca 
dis Ca 1.6 ... 2.4 
tot Mg 
dis Mg .4 ... 1.6 
Na 310 ... 312.2 
K 5.4 ... 4.5 
tot Al ... 10.5 
dis Al 115 . 	- 16.1 
tot Fe 
dis Fe .11 ... .18 
tot As ... .36 
tot  ..... .5 
tot aik ... 635 
di 	au' 635 635 650 
Ci 39 ... 39 
SO4 41.6 ... 45 
dis S102 .97 ... 1.16 
B. .1 ... .125 
NO2 <.01 ... .01 
NO3 <.1 ... <.1 
NH3 .2 ... .01 
F 1.7 ... 1.65 
PO4 .1 ... .13 
Bori ... 
rio 
rio . . . . . .. 
EC 1255 1355 1150 
SS 31 27 43 
ash .. ... 
chl'phjll 16 11 42 
12 / 5 / 85 
fc,r' i999 2 t. c) 1 71. 1 O2 
1/b0/B2 . 10/10/82 26/10/82 1/11/82 = C = === == = = ===== = = = = = = = = = = = C= CCC = 
1810 1515 1640 0840 
<5 18 <5 <5 
11 9.5 8 8 
10.5 10.3 10.2 9.7 
2.7 7.5 1.4 1.9 
1.6 4.5 <.5 .6 
290.8 272 293.3 271.8 
4.5 4.4 4.4 3.6 
11.8  
<.05 .16 .18 <.05 
.38 
.7 
660 	............ 550 590 555 
39 38 37 39 
42.6 38.3 40.6 39.6 
1.11 1.77 1.35 1.53 
.125 .1 .125 .125 
.01 .01 <.01 .07 
<.1 .05 .1 .6 
.01 .01 .1 .1 
1.6 1.4 2.4 1.9 
.11 .2 .09 .21 
1200 1.220 1180 1200 
31 25 65 26 
121 76 ... 40 
KINOHORN LC)CH Ar C)LJTLET 
date 22/11/82 1/12/92 8/12/82 
====t=== ======== ======== 
time 1745 0950 1800 
flow <5 60 
temp 4 4 4 
pH 10.4 10.1 10.1 
tot Co 
dis Ca 1.7 2.5 3.9 
tot Mg 
dis Mg .2 1.1 1.8 
Na 290 274.6 249.3 
K 4.5 4.2 3.6 
tot Al 
dis Al 7.2 4.4 5.3 
tot Fe 
dis Fe <.05 <.05 <.05 
tot As 
tot  
tot aik ... 	 -. 
dis aik 665 1 700 510 
Cl 38 37 37 
SO4 45.6 42 39.6 
dis Si02 .97 1.16 1.91 
B .125 .125 .125 
NO2 .21 .24 .28 
NO3 .8 2 2.4 
NH3 .4 .2 .4 
F 1.8 1.7 2 
PO4 .06 .06 .04 
BOC' . . . . . . 
DO 
DO 
EC 1010 1020 1090 
39 26 25 
ash - . . . . 
chl'phyli 58 <:10 <10 
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1245 1340 1530 1630 1400 0... 
1/s 
4 2 7.5 3 3 ... C 
10 10.1 10.1 . 	10.1 10 ...  
mg/i 
4 2.6 2.5 7.2 6 ... mg/i 
mg/i 
2.1 .9 1.1 7 8.2 ... mg/i 
235.1 266 265 264 255 ... mg/i 
3.5 3.79 3.83 3.86 3.58 ... mg/i 
mg/i 
5.3 5.03 5.027 10.019 8.617 ... mg/1 
mg/i 
<.05 <.05 .08 .01 <.01 ... mg/i 
.36 ... ... ... ... ... mg/i 
.6 ... ... ... ... ... mg/i 
mg/i CaCO3 
505. 525 550. 550 505 ... mg/l-CaCO3 
37 35 35 35 36 ... mg/i 
39.6 44.4 43 39.6 32.6 ... mg/i as S 
1.95 .69 .65 1.44 1.86 ... mg/i as Si 
.15 .05 .1 	. .1 .1 . . . mg/i 
.27 .22 .24 .19 .29 ... mg/i as N 
2.3 2.6 2.3 3.4 3.95 ... mg/i as N 
.4 .4 .55 .03 .03 ... mg/i as N 
1.8 1.7 2.8 3 2.1 ... mg/i 
.03 .04 .07 .07 .12 ... mg/i as P 
mg/i as 0 
mg/i as 0 
1100 1060 1050 1000 1060 ... nihos/cm 
32 68 78 26 32 ... mg/]. 
mg/i 
21 ... 33 131 56 	. ... i.&g/i 





9/2/83 15/2/83 20/2/83 26/2/83 28/2/83 1/3/83 7/3/83 16/3/83 
time 1835 0715 1620 1145 1240 1250 1015 1610 0910 flow ... 13 18 5 5 5 <5 9 13 i/s temp 2 0 2 2 2 2.5 2 5.5 6 C pH 9.9 9.9 9.8 9.8 10 10.1 10 10.2 10.1 tot Ca ... ... ... . .  





mg/i tot Mg ... ... ... ... ... 










mg/i Na 262 267 261 171 255 ... 256 272 285 mg/i 3.54 3.36 3.58 3.51 3.64 ... 3.58 3.9 3.31 mg/i tot Al ... ... ... ... 






mg/i tot Fe ... .. ... ... ... ... ... ... 




mg/i tot As .31 ... ... ... 
... .14 ... ... 
totV .6 ... .-. ... 

























Cl 36 34 30 38 64 ... 	 . 33 40 33 
mg/i CaCO3 
804 34 37 33.3 35.6 32.6 ... 35.6 43.3 46.3 
mg/i 










.24 ... .44 .89 .47 mg/i as 'N 
NH3 <.01 .2 .01 .7 
1.2 
.6 
... 3.6 4 3.2 mg/i as N 









mg/i as N 
PO4 .08 .13 .22 .06 .05 ... .05 .07 .05 
mg/i 
as BUD ... . . . . . . . . . . . . . . . mg/i P 
rio . . . . . . . . . . .. . . . . . 
. . . . . . . . . 
mg 1l. as 0 
. . . . . . . . . 
mg/i as 0 
EC 1075 1060 1050 1090 1020 890 1060 1020 1050 
Z 	.350 
mhos/cm 21 43 60 53 19 16 54 61 61 mg/i ash ... . . . ... ... ... ... ... . . . 
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14/4/83 18/4/83 22/4/83 26/4/83 1/5/83 12/5/83 15/5/83 







flow 51 22 5 5 5 5 26 29 39 i/s temp 4 5 7 7 7 7.5 8 9 9 C pH 9.9 10.1 10.1 9.9 10 10 9.8 10 10 
tot Co . . - ... . -. ... ... ... . . - 




tot Mg ... ... ... 












mg/i Na 242 ... 247.2 250.5 259.1 222.3 252.9 240 209 mg/1 K 3.54 . 3 3.3 3.64 2.81 3.27 3.3 3.35 mg/i tot Al .. ... ... ... 
... 10.2 ... ... 




mg/i tot Fe ... ... ... ... . -. .. ... .. 




mg/i tot As ... ... .31 ... .. ... 
... .34 mg/1 tot  ... . .6 ... ... ... 
... .6 
.. 
mg/i tot al P, .. .. ... ... 
















CoCO3 Cl 37 37 39 39 41 40 39 37 36 mg/i 904 41 38.3 44 41.6 43.6 37.3 44 39.6 39.6 nug/l as S dis Si02 1.11 1.07 .93 .97 1.21 .83 .88 .69 .69 mg/i as Si .15 .05 .15 .05 .15 .25 .25 .2 .25 mg/i NO2 .43 .49 .48 .54 .46 .5 .51 .44 .41 mg/i as N NO3 2 2.7 2 2.45 1.8 2 2.3 1.65 1.4 mg/i as N NH3 .3 .6 .02 .02 <.1 .02 .01 <.01 .01 mg/i as N F ... ". 1.85 1.85 1.85 1.6 2.15 2.05 2.15 mg/i PO4 .06 .07 .1 .05 .2 .09 .12 .05 .05 mg/i as P EC)tI . . . . . . . . - . . . 
Lu . . . . . . ... . . . 
... 
 . . . . . . . . . . . . 
mg/]. as 0 
[If) 
. . . . . . . . 	. . . . . . . 
mg/i as () 
EC 1080 
. . .  
930 1.025 1075 
. . . 
1.000 
. . . 
950 
. . . 
1.020 
. . . 
1.300 





45 51 50 55 50 80 71 55 48 mg/i -. ... ... ... ., ... .. 
. -- chi'phgii 42 191 52 165 268 ... 229 66 154 
mg/1 
ugh 
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KINOHORN LOCH AT 	C)LJTLET  
date 24/5/83 
time 1110 
flow <5 i/s 
temp 12 C 
pH 10.3 
tot Ca ... mg/i 
dis Ca 1 mg/i 
tot Mg ... mg/i 
dis Mg .7 mg/i 
Na 264 mg/i 
K 2.85 aug/i 
tot Al ... aug/i 
dis Al 3.5 aug/i 
tot Fe ... mg/i 
dis Fe <.01 aug/i 
tot As ... aug/i 
tot V ... aug/i 
tot aik ... 	.. aug/i CaCO3 
dis aik 475 aug/i CaCO3 
Cl 37 aug/L 
504 37.6 aug/i as S 
dis Si02 1.72 aug/i as Si 
B .2 aug/i 
NO2 .01 aug/i as N 
NO3 <.1 mg/i.as N 
NH3 .5 aug/i as N 
F 2.05 aug/i 
PO4 .21 aug/i as P 
BOtI . 	 . aug/i as 0 
DO . . . aug/i as 0 
['0 . . . Z as. 0 
EC 1060 mhos/cm 
57 aug/i 
ash .. - aug/i 
chi'ph1l 62 uig/]. 
12/5/85 
: NOHORN LOCH AT C)LJTLET 
Sit.Qt.iE;tic:cii •pp-ciiQi 	fC)T 4i,i t.C) 24,'E33 
samples maximum minimum nuear, 
======= ======== 
flow 112 80 <5 20.8259 
temp 118 21 0 8.7072 
pH 125 10.5 9.2 9.9432 
tot Co. 53 56.8 .3 11.1396 
dis Co 106 15.7 .2 3.40188 
tot Mg 53 22.4 2.6 10.4396 
dis Mg 106 19 <.1 4.34632 
Na 117 335 151 251.806 
K 117 6 2 3.64505 
tot Al 63 12.7 3.3 7.33968 
dis Al 111 16.1 1.7 6.61024 
tot Fe 44 .8 <.05 .134318 
dis Fe 75 .42 <.01 .064533 
tot As 32 .45 .14 .32125 
tot V 32 .7 .1 .49375 
tot aik 65 635 295 426.769 
dis alk 122 700 295 471.516 
Ci 117 72 23 37.8376 
SO4 115 61.3 20.2 44.2141 
d:i.s 9i02 117 2.65 .27 1.19231 
B 117 .95 025 .126539 
NO2 119 .89 <.01 .148109 
NO3 119 8.8 .05 1.83575 
NH3 119 1.6 <.01 .264201 
F 116 4.8 .17 1.47569 
PO4 117 2.4 <.01 .131453 
BOB 2 2.2 .5 1.35 
i:o 6 12.1. 7.6 10.3 
10 6 121.6 90.3 97.3667 
E:i: 124 1550 660 982.016 
SS 125 88 3 31.104 
ash 2 7 4 5.5 
chi'phll 80 320 <10 70.375 
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std.dev. ri20 nlO riS 
19.8216 87 348 1392 i/s 
5.64846 40 162 647 C 
.26635 27 109 681 
12.5653 122 489 1955 mg/1 2.50975 52 209 836 mg/i 
5.26664 24 98 391 mg/1 
3.94903 79 317 1269 mg/i 
33.9666 2 7 28 mg/i 
.665844 3 13 51 mg/i 
2.04887 7 30 120 mg/i 
2.31999 12 47 189 mg/i 
.155015 128 512 2047 mg/i 
.073347 124 496 1985 mg/i 
.061525 4 14 56 mg/i 
.150133 9 36 142 mg/i 
73.1567 3 11. 	. 45 mg/i CaCO3 
87.2735 3 13 53 mg/i CaCO3 
6.14752 3 10 41 mg/i 
7.22565 3 10 41 mg/i as S 
.440823 13 53 210 mg/i as Si 
.104364 65 261 1045 nig/i 
.163619 117 469 1875 mg/3. as N 1.89915 103 411 1645 mg/i as N 
.277666 106 424 1697 mg/i as N 
.687441 21 83 333 mg/i 
.230456 295 1181 4723 mg/i as P 
mg/i as 0 
1.56587 2 9 36 mg/i as 0 14.1671 2 8 33 7 as 0 
177.163 3 13 50 mhos/cry, 
20.7725 43 171 685 nigh 
mg/i 
75.9464 112 447 1790 ug/i 
TABLE A.6. Chemical analysis of Kinghorn Loch at 
outlet sluice for the period 30-5-1983 to 27-9-1984; 
without statistical appraisal. 
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KINC3HC)RN LOCH AT OUTLET +. c1_ 3 6 t, r- 	3.O,7,E3 




22/6/83 28/6/83 1/7/83 8/7/83 10/7/83 
== 
time 1810 1210 1655 1800 1905 1640 0855 0735 0900 
flow 22 5 56 56 5 <5 13 13 16 i/s 
temp 12 .. 11.5 13 19.5 14 14.5 17.5 17.5 C 
pH 10.2 10.1 10.2 10 10.3 10.3 10.2 10.2 10.3 
js Ca 1.9 ... 1.9 2.3 2 1.5 2.4 2.3 1.9 mg/i 
dis Mg 2.8 ... .7 1.7 1.2 2.4 4.7 2.6 .7 mg/i 
Na 277 ... 236 213.9 223 223 224 206.4 202.9 mg/i 
K 3.04 ... 2.69 2.72 2.76 2.74 2.77 2.7 2.8 mg/i 
tot Al ... 6.1 ... ... ." ... ... ... ... mg/i 
dis Al 4.3 ... 3.6 2.6 2.5 2.2 2.6 2.9 1.6 mg/i 
djs Fe <.01 ... <.1 .06 <.01 <.01 .08 .08 .09 mg/1 
tot As ... .26 ... ... ... ... ... ... ... mg/i 
tot ... .5 ... ... ". ... ... ... ... mg/i 
tot aik ... 470 ... ... ... ... ... ... ... mg/i CaCO3 
dis alk 465 470 470 445 425 425 395 390 390 mg/i CaCO3 
Cl 37 ... 36 38 44 38 34 36 32 mg/i 
SO4 35.6 ... 28.6 27.3 24 54.3 24.6 60 36 lTug/i as S 
dis Si.02 .69 ... .93 1.07. 1.11 1.11 1.04 1.11 1_58 mg/i as Si 
B .2 ... .2 .15 	. .1 .15 .1 .15 .2 mg/i 
NO2 .35 	. ... .17 .26 <.01 .02 .09 .1 .01 mg/i as N 
NO3 1.2 .9 .5 1 .8 <.1 .1 2.7 <.1 mg/i as N 
NH3 1 ... .2 1.4 <.1 .9 1. 1 .1 .8 mg/i as N 
F 2.05 ... 1.95 1.9 1.8 1.8 1.8 1.75 1.75 nig/:L 
F04 .04 ... .07 .05 .04 .03 .04 .05 <.01 mg/i as P 
BOLl 23.1 ... 21 28 ... ... ... ... ... mg/i as 0 
COD ... ... ... ... ... ... ... ... ... mg/i as 0 
DO .. ... ... ... ... mg/i as 0 
tIC) . . . . . . . . . . . . . . . . . . . . . . . . . . X as 0 
EC 980 1000 1000 970 900 940 940 980 1060 mhos/cu, 
42 40 53 41 61 51 46 44 59 mg/i 
chi'phgii 62 ... 206 312.4 291.6 ... ... 274.9 76.3 ug/1 
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time 0820 0820 1600 1735 1030 2035 1105 0920 0740 
flow 24 29 37 <5 .. <5 <5 <5 <5 i/s 
temp ... 18.5 17.5 19.5 .,. 18.5 17 11.5 9 C 
pH 10 9.9 9.5 9.3 9.2 9.7 9.6 9.5 9.6 
dis Ca 1.3 3.2 4.2 .3 ... .5 .4 2.9 3.4 mg/i 
dis Mg 1.4 2.5 3 2 .. 2.3 2.3 2.8 2.8 mg/i 
Na 201.4 222 219 207.9 ... 213.6 206.1 217 209.9 mg/i 
K .5 3.7 3.5 3.3 ... 3.3 3.2 2.52 2.62 mg/i 
tot Al ... ... ... ... 2.1 ... ... ... ... nigh 
dis Al 1.8 ... ... 1.2 1.3 1.2 .9 .9 1.2 nigh 
dis Fe <.05 <.05 <.05 <.05 ... <.05 .05 <.05 <.05 nug/l 
tot As ... ... ... ... .19 ... ... ... ... mg/i 
tot  ... ... ... ... .4 ... ... ... ... mg/i 
tot alk ... ... ... ... 375 ... ... ... ... mg/i CaCO3 
dim aik 385 390 360 395 375 400 385 395 385 mg/i CaCO3 
Cl 36 40 36 36 ... 38 33 40 35 mg/i 
804 41,3 41.3 43 43 ... 49 31.6 30 28.6 mg/i as S 
dim Si02 1.67 1.53 1.63 1.77 ... 144 1.49 1.3 1.39 mg/i 43L S Si 
B.15 .45 .65 .5 ... ... ... .2 .25 mg/i 
NO2 .06 .05 .09 .07 ... .08 .08 .01. .27 mg/ 1. as N 
NO3 .2 .2 .1 .1 ... .3 .2 1.9 .5 mg/i as N 
NH3 .2 .5 1.4 .9 ... .8 .4 1.1 .2 mg/i as N 
F .54 3.3 2.65 2.1 ... 1.9 2.2 1.5 1.5 mg/i 
F'04 .05 .1 .1 .05 ... .09 .08 .05 .04 mg/i as F' 
BOB .. . . . . . . . . . . . . . . . . . . . . . . . . . mg/i as () 
COD ... ... ... ... ... ... ... ... ... mg/i as 0 
DO ... 4.5 ... ... ... 8.8 ... 7 9.7 mg/i as 0 
10 ... 48.1 ... ... ... 94 ... 64.3 84 Z as 0 
EC 970 930 920 760 750 940 840 880 910 mhos/ca, 
88 34 4 9 15 4 8 12 2 9 mg/3. 
chi'phyll 225.5 201,1 31 242 ... 84.1 36.7 31 38.9 ugh 
12 / 5 / 85 









25/10/83 2/11/83 7/11/83 9/11/83 
time 0715 1120 0930 1650 0845 1810 0835 1725 1030 
flow <5 . -. 46 55 <5 <5 <5 14 <5 1/s 
temp 11 ... 12 .. 6.5 8 7.5 10 ... C 
pH 9.6 9.6 9.4 9.5 9.3 9 9 9 9 
dis Ca 4.6 3.1 3.6 3.7 5.7 6.5 6.9 7.4 8.6 mg/i 
dis Mg 2.8 2 3.1 3.3 5.2 5.1 5.8 5.6 6.5 mg/i 
Na 218 196 189 198.5 197.4 184.4 200.1 187.3 184 mg/i 
3 2.5 3.24 3.13 3.21 3.02 3.23 3.1 2.93 mg/i 
tot Al .. 1.9 ... ... ... . . - ... ... .9 mg/i 
dis Al 1.2 1.6 1.4  1.3 1.2 1.1 .9 mg/i 
dis Fe .06 .02 .05 <.01 <.01 <.01 <.01 .05 4.01 ITIg/i 
tot As ... .29 ... ... ... ... ... ... .19 mg/i 
tot ... .4 ... ... ... ... ... ... .3 mg/i 
tot alk ... 380 ... ... ... ... ... ... 350 mg/i CaCO3 
dis al P, 330 365 395 390 370 360 365 375 350 mg/i CaCO3 
Cl 32 37 34 33 34 35 61 34 34 mg/i 
SO4 27.3 ... 33.3. 	- 33.3 31 31 31 32.3 32.3 mg/i as S 
dis Si02 1.58 1.3 1.21 1.11 1.16 1.21 1.11 1.11. 1.21 mg/i as Si 
B .18 .18 .2 .15 .1 .1 .1 .1 .1 mg/i 
NO2 .28 .26 .32 .15 11 .22 .075 .3 .16 mg/i as N 
NO3 .5 .7 .7 .8 1.6 2 1.9 2.5 2.2 mg/i as N 
NH3 .3 .12 .8 .3 .3 .02 .05 .05 .4 mg/i as N 
F .98 ... 2 2 1.7 1.2 1.2 1.2 1.4 mg/i 
F04 .04 .06 .07 .03 .13 .11 .09 .12 .05 mg/i as P 
BOD ... ... ... ... ... ... ... ... ... mg/i as 0 
COD ... ... ... ... ... ... ... ... ... mg/i as 0 
t'o ;, 10.3 ... 8.3 ... ... ... ... ... ... mg/i as 0 
rio 93.5 ... 77.1 ... ... ... ... ... ... 7. as 0 
EC 910 920 840 830 680 780 740 760 780 mhos/cm 
SS 6 14 12 8 6 9 9 2 3 mg/i 
chl'phyi]. 83.3 71 21 <10 <10 . . . ... <10 . . . iig/i 
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KINOHC)RN LOCH AT C)UTLEr *c1_. 	i9,'i1,33 tC) 	i71E34 
date 19/11/83 23/11/83 27/11/83 1/12/83 12/12/83 24/12/83 28/12/83 
time 0815 0725 1510 1640 1430 0... 1440 
flow <5 <5 <5 <5 <5 .. 59 
temp 4 2.5 5 5.5 2.5 ... 7 
pH 8.9 8.9 8.8 8.8 8.7 8.4 8.4 
dis Co 8.8 10.5 10 10.5 9.4 15.2 14.8 
dis Mg 8 7.6 8.3 8.1 8.1 11.6 11.5 
Na 187.1 181.8 178.3 173.2 172.6 151.2 1198 
K 3.11 3.23 3.11 3.1 2.55 2.54 3.14 
tot Al ... ... ... ... 
dis Al .6 .5 .4 .6 .4 .3 .5 
dis Fe <.01 <.01 <.01 <.01 .05 .05 .04 
tot As ... ... ... ... 
tot  ... ... . 	 ... ... 
tot alk ... ... ... ... 
dis aik 340 345 340 330 345 305 310 
ci 36 36 ... ... 
... 53 37 
804 26.6 24 32 22.6 32 28.3 27.6 
dis Si02 . •1.16 1:16 1.11 1.25 .1.16 1.39 1.39 
B .15 .15 .1 .1 .1 .175 .1 
NO2 .02 .02 ... ... 
... .27 .27 
NO3 2.4 2.4 2.5 2.5 1.8 3.3 3.3 
NH3 .03 .06 <.1 <.1 .1 .9 <.1 
F ... ... ... ... 
PO4 .08 .08 ... ... 
... .13 0" 7 
BOB ... ...' ... ... 
COt' ... ... ... ... 
00 ... ... ... ... 
['0 ... ... ... ... 
EC 740 760 680 700 740 550 670 
SS 12 10 8 3 9 13 13 
chi'phgil <10 ... .. 





<5 <5 i/s 
5.5 2 C 
8.4 8.4 
15.3 16.5 mg/i 
10.8 12.5 mg/i 
153.2 135.3 mg/i 
2.79 2.59 mg/i 
mg/i 
.3 .4 mg/i 




325 245 mg/i CaCO3 
36 37 mg/i 
28.3 28.3 mg/i . as S 
1.35 1.63 	. mg/i as Si 
.1 .075 mg/i 
<.01 .34 mg/1 as N 
3.6 5 mg/i as N 
.1 :.i mg/i as N 
1.1 .96 mg/1 
.02 .02 mg/l. as P 
mg/i as 0 
mg/i as 0 
mg/1 as 0 
as 
690 660 niho5/cITt 
13 5 nigh 
<10 . . . ugh 
K]:NCHORN LOCH AT OUTLET 4'c)r 29i,4 tc, 	21,3,E34 
date 29/1/84 1/2/84 6/2/84 20/2/84 22/2/84 29/2/84 6/3/84 11/3/84 21/3/84 




flow >60 . . 	- 
1525 1040 1000 1735 1000 









.. >50 i/s 












24.5 27.2 32 31.3 21.2 24.4 23.1 mg/1 





14.59 15.22 16.12 16.3 27.79 mg/1 
K 2.36 2.3 2.23 2.14 
102.5 
2.26 
97.1 101.2 100.7 104.6 mg/i 
tot Al ... ... .. ... 2.24 1.99 1.89 3.39 mg/i 










dim Fe .04 .04 .25 .14 .04 .09 <.01 .06 
.6 mg/1 
tot ... .. ... . .. ... ... .. .05 mg/i 
tot •. ... mg/i 
tot aik ... ... ... ... . . - ... 
... ... 
... mg/i 





... mg/i CaCO3 
Ci 38 36 37 33 32 32 
230 mg/i CaCO3 
SO4 24.6 30 24 26 26.6 26 
41 39 39 mg/i 
dim Si02 2 2.05 1.81 2.23 2.05 
25 23.6 23.6 mg/i am S 
.075 .075 .075 .1 .075 
1.86 2.09 2.14 1.95 mg/i as Si 
NO2 .025 .02 .02 .02 .02 
.1 
.02 
.1 .05 .1 mg/i 
NO3 4.7 5.05 4.0 5.9 6.1 $9 
.47 .37 .03 mg/i as N 
NH3 .11 .53 .2 .1 <.1 
57 5.6 5.25 mg/i as N 
F .84 .82 .84 .66 .70 
<.1 
.72 
.04 .08 .04 mg/i as N 
PO4 .05 .07 .04 .01 .02 .02 
.6 
.03 
.64 .54 mg/i 
BOIl ... .. ... ... ... ... 
.02 .02 mg/i as P 
COD ... ... ... ... ... 
... 
... ... 
... mg/i as 0 
rio . . . . . . . . . . . . . . . . . . 
... ... 
... mg/i s 0 
10 ... ... ... ... ... ... 
. . . . . a 

















chl'phyll <10 . . . 
11 
. - . 
2 2 4 6 8 14 mg/i . . . 
 i.ig/1 
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k]:NciH0RN LOCH AT OUTLET 4c,r- 2E33I'E t.c, 	2S,'thE 
date 28/3/84 16/4/84 20/4/84 1/5/84 6/5/84 16/5/84 1/6/84 4/6/84 25/6/84 








flow - ••. ... .. 1850 2010 2030 






















23.8 21.9 21.3 26.8 26.8 20.1 mg/i 
Na 98.8 100.2 90.9 
18.5 
89.9 
18.3 19 18.7 19.2 21.4 mg/i 
K 1.94 1.93 1.91 1.96 
94.5 93.8 93.1 93.7 99.9 mg/i 




... 1.45 ... 1.22 2.38 mg/i 
dis Al .8 .4 .4 .8 .6 
... 
... mg/i 
dis Fe .05 ... ... ... ... 
... 
... 
... ... ." mg/3. 
tot As ... ... .056 ... ... 
... ... 
... mg/i 
tot  ... ... <.1 ... ... 
.. ... ... 
... mg/i 
tot aik ... ... ... ... ... 
... ... ". 
... mg/i 




















38 34 36 34 34 33 mg/i 







23 25.3 mg/i as S 














.04 .05 .075 .07 .07 .06 
mg/i 
mg/i as N 
NH3 .01 <.1 <.1 
5.4 
.3 
4.8 4.9 3.4 3.5 28 mg/i as N 
F .58 .5 .52 .54 
.2 
.52 
.12 .4 .3 .1 mg/i as N 
PO4 .02 .01 .04 ... <.01 
... 
.01 
.52 .52 .75 mg/i 
BUD ... ... ... ... 
<.01 <.01 .03 mg/i as P 
COD ... ... ... . 
... ... ... ... 
... mg/i as 0 
rio ... ... ... 10' :4   
... 
9.6 
... ... ... 
... rig/i as 0 
rio ... ... .., 98.8 89.2 
... ... ... 
... mg/i as 0 
EC 580 
7 





















10 14 14 76 nig/]. 
<10 <10 <10 <10 ugh 
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kINc)HORN LOCH AT 
date '5/7/84 27/9/84 
== 
time 1530 0855 
flow 
temp 22 12 
PH 8.5 8.7 
dis Co ... 13.5 
dis Mg ... 22.7 
Na 102.5 104.1 
K 3.4 3 
tot Al 
disAi 




dis alk 220 225 
Cl 36 37 
SO4 25.3 28 
di.s Si02 .46 .74 
B .15 .07 
NO2 .05 .01 
NO3 2 .15 
NH3 <.1 .02 
F .65 .47 
F04 <.01. .01 
BUD 
CCI) ... 6 
1.10 
1'o 
EC 620 540 
55 8 1 
chi' phjll <10 
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mg/l as S 
nig/l as Si 
mg/i 
mg/i as N 
mg/i as N 
mg/i as N 
mg/i 
mg/i as P 
mg/i as 0 
mg/i as 0 
Rig /i as 0 
asU 
mhos/ca, 
m g /3. 
ugh 1 
TABLE A.7. Chemical analysis of Kinghom Loch over 
a three dimensional grid of selected sampling 
stations for 23-2-1981; with statistical appraisal. 
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K]NGHC)RN LOCH 	WATER BODY STATIONS f'Cr 23,' 2-' 0 1 
station 51( .3n, ) 50( 1m) 48(1m) 
temp 1 2 2 
pH 9 9.6 9.6 
dim Ca 14.7 1.9 1.9 
dim Mg 20.5 13.5 13.6 
No 133 213 217 
dim Al .6 5.8 5.6 
dim Fe <.1 <.1 <.1 
dim elk 220 390 395 
804 31.6 42 43 
F .65 1 1 
EC 550 825 830 
SS 8 14 11 
46( 3.Snp ) 
== = = == = = 
46(1m) 44(1m) 
2 
==== = == = 
2 
= == == = = = 
2 
9.6 9.6 9.6 
1.9 1.9 1.9 
13.6 13.6 14.2 
215 213 208 
7.2 8.4 7.4 
<.1 <.1 <.1 
390 395 380 
43 42.3 43.3 
.95 ... 1 
830 825 820 
29 11 11. 
41( .5n,) 













39( in, ) 





































K3:NGHC)RN LOCH - 
station 37( 1 B ) 35(5m)  
temp 1.5 2 
PH 9.6 9.6 
dim Ca 1.9 1.9 
dim Mg 13.6 13.5 
No 212 213 
dim Al 5.6 6.5 
dim Fe <.1 <.1 
dim alk 390 395 
904 44.3 43.6 
F 1.1 1.. 1 
EC 840 840 
S  10 12 
12 / 5 / 85 
WATER BODY STATI ONE +'cr 2:3/2,01 
35( in, ) 33( 3m) 33( in,) 31( 9m ) 31( Sm) 
2 2 2 2 2 
9.6 9.6 9.6 9.6 9.6 
1.8 1.9 1.9 1.9 1.9 
13.4 14.3 14.4 14.5 14.6 
212 213 216 213 211 
8.2 7.9 5.8 8.5 7.3 
<.1 <.1 <.1 <.1 <.1 
395 390 395 390 395 
44.3 45 44.3 44.3 44.3 
1.2 ... 1.2 
840 845 840 840 840 

























m g / i 
flog/ i 
UI g/ 1 
nigh 
mg/i CaCO3 
n,g/i as S 
m g / 1 
nuhos/c m 
nu g/]. 
KINGHC)RN LC)CH - 
stat io ri 
= = = 
29( Ins 
= == = 
27( 3m 
== = 
temp 1.5 2 
PH 9.6 9.6 
dis Ca 1.9 1.8 
dis Mg 14 14.5 
Na 214 220 
dis Al 7.7 7.8 
dis Fe <.1 <.1 
dis aik 395 395 
904 41.6 43.6 
F . . . 
EC 840 830 
99 11 16 
WATER BODY STATIONS +'cr 23G1. 
27< in,) 25( mu ) 23< 6.5nu ) 23( in,) 21( iOn,) 21( 9m ) 21< 5m 
1.5 1.5 2 2 2 2 2 C 
9.6 9.6 9.6 9.6 9.6 9.6 9.6 
1.8 1.8 1.8 2 2 1.9 2 mg/i 
14.8 14.2 13.8 13.7 14.4 13.9 14.5 mg/i 
220 216 218 221 224 225 226 mg/i 
6.5 6.4 7 5.2 7.5 8.5 8.1 mg/i 
<.1 <.1 <.1 <.1 <.1 <.1 <.1 mg/i 
390 390 395 390 390 390 395 mg/i CaCO3 
43.6 43.3 44.6 43.6 43 43.6 43.6 mg/i as S 
1.25 1.35 ... 1.3 ... ... 1.3 mg/i 
825 820 835 840 840 840 835 mhos/cm 
12 12 13 12 12 10 11 nug/l 
Is]:NC,HC)RN LC)CH 
Station  21< mi ) 19< 4..5ni 
temp 2 2 
PH 9.6 9.6 
dis Ca 1.9 1.9 
d:i.s Mg 14.4 13.8 
N  225 226 
dis Al 9.4 9.6 
dis Fe <.1 <.1 
dis alk 390 385 
904 42.3 40.3 
F 
EC 830 840 
99 11 12 
12/5/85 
WATER BODY 	STAT]:ONS 4C) T- 2/2/O1. 
19( mi ) 17< in, ) 15< 9m ) 15< Sm ) 15< in, ) 13( 91Ti ) 13< Sm 
2 2 2 2 2 2 2 C 
9.6 9.6 9.6 9.6 9.6 9.6 9.6 
1.9 1.9 1.8 2 1.8 1.9 2 trig/ i 
14 14.2 13.6 14.5 14.1 13.9 14.1 mg/i 
227 228 222 223 218 219 222 mg/i 
6.6 5.5 7.3 5.4 7.6 7.1 5.2 mg/i 
<.1 <.1 <.1 <.1 <.1 <.i <.1 nug/i 
385 380 390 390 390 390 385 mg/i CaCO3 
42.6 44.3 43.6 44 44 43.6 43 IT, g/i 	as 	S 
1.3 1.25 ... 1.25 ... ... 1.55 mg/i 
840 840 835 835 835 840 840 mhos/cm 
11 13 10 13 12 62 12 mg/i 
k]:NcHc)RN LOCH - WATER BODY STATIONS' 1c)y- 
station 13(1m) 11(2.5n,) 11( ins') 9( 4m 9( ins) 7( 6.5m 7( 5m 7( lIT,) 5(4.55) 
temp 2 2 2 2 2 2 2 
t= 
2 2 C PH 9.6 9.6 9.6 9.6 9.6 9.6 9.6 96 9.6 dis Co 1.9 2 1.9 1.8 3.3 2 1.9 1.9 2 mg/i dis Mg 14.2 14 13.7 13.7 14.3 14 13.9 13.9 13.8 mg/1 Na 221 217 218 218 227 228 225 229 226 mg/i dis Al 7.4 5.3 7.1 7.1 4.3 5.5 4.9 7.8 8.1 . mg/i dis Fe <.1 <.1 <.1 <.1 <.1 <.1 <.1 <.1 <.1 mg/i dis alk 390 395 390 375 385 385 390 385 380 mg/i CaCO3 904 43.6 42.3 41.3 44 44 45 45 43.6 42.3 mg/i as 9 F . . . 1.7 . . . . . . 1.3 . . . 1.6 . . . 
EC 840 830 830 835 830 835 835 940 
. . . 
820 
mg/i 
mhos/cm 12 12 11 10 12 10 12 10 16 mg/i 
Ic3:NOH0RN 1_0CH 	- WATER BC)DY 	STATIONS 	•f-'c)r 
stat ion 5( in)) 3( ini  
temp 2 2 1.5 C 
pH 9.6 9.6 9.6 
dis Ca 1.9 1.4 2.1 mg/i 
d:i.s 	Mg 14.1 14 14.6 mg/]. 
Na 220 219 225 mg/i 
dis Al 4.9 6.5 4.8 mg/i. 
dis Fe <.1 <.1 <.1 mg/i 
dis -ilk 375 385 380 ffig1l 	CaCO3 
904 43.6 42 43 Rig/l 	as 9 
F 1.6 1.4 1.3 mg/i 
EC 820 820 810 mhos/cin 
SS 'ii 221 15 mg/I. 




itear, std.dev. r,2() rilO 
======== ======== ======== 
1.90625 .222563 1 5 21 C 
9.58963 .09648 4 14 89 
2.20625 1.87441 69 277 1109 mg/i 
14 1.9929 2 8 31 mg/i 
217.75 15.922 1 2 8 mg/i 
6.65625 1.65694 6 24 95 mg/i 
.05 0 0 0 0 mg/i 
385 27.1521 0 2 8 mg/i CaCO3 
43.2167 2.09038 0 1 4 mg/i as S 
1.24615 .240796 4 14 57 ITug/l 
831.354 46.964 0 1 5 mhos/cm 
33.3333 112.493 1094 4375 17501 mg/i 
KINOHORN LOCH - WATER 
s..t.at.i et.i.c: :x 3. 'ippr.ii rn :x 3. 
samples maximum minimum 
temp 48 2 1 
pH 48 9.9 9 
dis Co 48 14.7 1 
dis Mg 48 20.5 2.6 
Na 48 265 133 
dis Al 48 9.6 .6 
dis Fe 48 <.1 
di.s alk 48 435 220 
804 48 47.3 31.6 
F 26 1.7 .65 
EC 48 975 550 
48 767 8 
12 / 5 / 85 
TABLE A.8. Chemical analysis of Kinghorn Loch over 
a three dimensional grid of selected sampling 
stations for 1-7-1981; with statistical appraisal. 
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48( .Bm) 46(3m) 
======== 
46( lm) 44( .Zn) 39( .8m) 37(3m) 37( im) 35(4.5m) 




















16.9 21.9 15.6 14.6 15.1 mg/i 





7.9 7.9 8 mg/i 






dis Fe .05 .06 .11 .04 .02 .09 .06 .05 
5.2 mg/i 
dis olk 370 375 360 370 365 1090 370 365 
.05 mg/i 
SO4 44.3 47 47 47 47 68 56 
365 mg/i CaCO3 
















... 9.6 4.8 9 9.6 9.8 mg/i as 0 





48.7 91.3 97.3 99.4 Z as 0 
18 20 33 12 
1870 790 790 800 nihos/cnp 
10 8652 588 14 64 mg/i 
K]:NGHC)RN 	LOCH WArIER EWDY 	STAT]:ONE; 4-'c)r- i7,'E31. 







16 14.5 16 16.5 16.5 16.5 16 C 









10 10 10 
dis Mg 7.6 7.6 7.7 8.6 7.3 7.7 
15.7 13.8 12.2 mg/i 






dis Ai 4.8 5.8 6 7.2 5.1 
216 mg/i 
dis Fe .06 .04 .02 .03 .02 
5 5.9 4.9 4.8 nig/] 
dis 	.ii'.. 365 370 365 470 370 
.18 
380 
.17 .15 .17 mg/i 
SO4 51.6 47 47 48.6 63.6 47 
375 385 385 mg/i CaCO3 


















mg/i as 0 





100.4 97.3 97.3 87.2 as 0 
55 20 19 24 8 28 
800 
16 
790 780 780 niho/cn, 
27 5 15 mg/l. 
I']:NGHoRN 	LOCH - WATER BODY ;TATxoNs +sc 	1.7E31. 
stQtior, 27( tnt) 25< .8ni ) 23< 6m ) 23( Sm) 23( in,) 21(8.5m) 21(5m) 21( in,) 19< 4m =====x== ======== ======== ======== ======== ===== == 
temp 16 16 15.5 16 16 14.5 16 16 16 C 
pH 10 9.9 9.9 9.9 9.9 10.1 10 10 9.9 
dis Co 13.7 13.3 14.9 16.1 14.5 13.6 14.1 12.4 12 mg/i 
dis Mg 7.6 7 6.9 7.1 9.5 10.4 9.1 8.6 8.5 mg/i 
Na 213 214 193 216 232 317 223 217 217 mg/i 
dim Al 4.8 5 5 6.3 3.5 9.2 4.6 3.8 5.8 mg/i 
dim Fe .18 .18 .11 .12 .02 .06 .14 .05 .11 mg/i 
dim aik 375 370 360 370 375 625 375 380 365 mg/i CaCO3 
804 47 47 61 53.6 73 52.6 47 47 47 mg/i as S 
F 1.4 1.35 1.35 1.35 1.55 1.05 1.55 1.4 1.25 mg/i 
00 9.4 9.1 9.1 9.1 9.7 2.9 9.8 9.8 9.7 nig/i as 0 
Ito 95.3 92.3 91.3 92.3 98.4 28.5 99.4 99.4 98.4 Z as 0 
EC 780 770 780 780 810 1100 770 770 770 nuhos/crn 
SS 20 38 16 19 31 16 22 21 32 mg/i 
K)Nt3HORN LOCH - WATER BODY s'rAT]:c)NE; ccr- 	1/7B1 
station 19( mt ) 17< .Bm ) 15< 8.5m ) 15< Sm) 15< I.e ) 13( 8.51T) ) 13< Sm) 13< mi ) 11( 2m 
temp 16 16 15 16 16 14.5 15.5 16 16 C 
pH 9.9 9.9 9.9 9.9 9.9 9.8 9.9 9.9 9.9 
dim Ca 11.4 12.9 10.2 13.6 14.3 13 13,4 1.4.1 12.6 mg/i 
dis Mg 8 7.8 7.6 9.8 89 9.0 8.4 81 7.7 mg/i 
NQ 217 219 221 221 218 245 223 225 220 mg/i 
dim Al 6.3 6.4 5.7 5.0 4.8 6.6 5.2 3.8 4.8 mg/i 
dim Fe .02 .02 .05 .07 .06 .07 .04 .06 .03 mg/i 
dim alk 370 375 370 370 365 420 370 370 365 mg/l. CaCO3 
SO4 47 47 47 47 51.6 52.6 47 47 47 mg/i as 8 
F 1.3 1 1.25 1.4 .9 1.4 1.4 1.35 1.3 mg/i 
DO 9.7 9.6 9.4 9.4 10.1 4.2 9.2 9.6 8.7 nug/i as 0 
ItO 98.4 97.3 93.3 95.3 102.4 41.2 92.3 97.3 88.2 as 0 
EC 780 780 770 . 	 770 770 830 780 785 770 nihos/cm 
SM 13 16 29 17 15 9 13 12 19 mg/i 
WATER BODY 	TATIC)NE Pc,y- 	i/7Bi 
9( in,) 
======== 




7( liii ) 
======== 
5< 4ni 
16 16 16 16 
======== 
15.5 
9.9 9.9 9.9 9.9 9.9 
9.4 12.3 11.5 11.5 13.7 
8.7 8.7 8.5 7.9 7.8 
228 228 229 226 223 
5.7 6.2 5.3 4.9 3.9 
.02 .11 .06 .03 .07 
370 365 365 365 360 
47 52.3 47 62.3 47 
1.3 1.25 1.3 1.2 1.3 
9.3 9 9.3 9.5 9.8 
94.3 91.3 94.3 96.3 98.3 
770 790 790 780 770 





16 ... C 
9.9 9.9 
12.4 10 mg/i 
7.6 7.6 mg/i 
224 223 mg/i 
5.5 4.7 mg/i 
.03 .08 mg/i 
375 375 mg/i CaCO3 
47 45 mg/i as S 
1.25 1 mg/i 
9.5 9.8 mg/i as 0 
96.3 ... X 	as  
770 730 mhos/cm 
18 42 mg/i 
KINC3HORN LC)CH 
station 
= = == = == = 
11C m) ==== = = = = •9(3.5m) = == === = = 
temp 16 16 
PH 9..9 9.9 
dis Ca 13.8 17.4 
dim Mg 7.6 7.8 
NQ 219 225 
dim Al 4.7 5.8 
dim Fe .13 .06 
dim alk 370 375 
804 47 56 
F 1.25 1.3 
DO 9.3 8.4 
110 94.3 85.2 
EC 770 770 
SS 25 35 
IsINGHORN LOCH 	WATER BC)DY STAT]:ONE; -E'cr- - 17B1. 
station 	1( mi 
temp 16 C 
PH 9.9 
dis Ca 11.7 mg/i 
dis Mg 7.1 mg/i 
Na 218 mg/i 
dim Al 4.9 trig/i 
dim Fe .07 mg/i 
dim ilk 360 mg/I. CaCO3 
904 47 trig/i 	as 	S 
F 1.1 mg/I. 
110 9.7 mg/i as 0 
ItO 98.4 7 	am 0 
EC 730 mhos/CIT, 
95 21 mg/l. 
12 / 5 / 85 
12 / S / 85 
EC)DY 	ETAT]:ONE; - 
- 	 +'C)r i783. 
mean std.dev. r,20 rilO r,5 
15.8778 .441539 0 0 
== 
1 C 
9.95648 .183759 13 52 324 
13.4696 2.23562 3 11 42 mg/i 
7.98696 .885309 1 5 19 mg/i 
228.891 63.5012 7 30 118 mg/i 
5.75652 2.90934 25 98 393 mg/i 
.074347 .049245 42 169 674 mg/i 
394.457 112.542 8 31 125 mg/i CaCO3 
50.0457 6.23331 1 6 24 mg/i as 9 
1.30217 .197188 2 9 35 mg/i 
8.96889 1.55691 3 12 46 mg/i as 0 
90.6205 16.1923 3 12 49 x 	as 0. 
813.152 167.77 4 16 65 mhos/cm 
225.87 1272.9 3050 12201 48803 mg/i 
I'INGHORN LOCH - WATER 
samples maximum minimum 
temp 45 16.5 14.5 
PH 46 11.1 9.8 
dis Ca 46 21.9 9.4 
dis Mg 46 10.4 4.9 
No 46 634 193 
dis Al 46 24 3.5 
dis Fe 46 .18 .02 
dis olk 46 1090 360 
804 46 73 44.3 
F 46 1.6 .75 
tio 45 10.1 2.9 
rIo 44 102.4 28.5 
EC 46 1870 730 
89 46 8652 5 
TABLE A.9. Chemical analysis of Kinghorn Loch over 
a three dimensional grid of selected sampling 
stations for 24-8-1981; with statistical appraisal. 
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48< .5m ) 
====== 
46( in) 44< .5m 39( .Sfli ) 37< 2.5m ) 37< im ) 35< 4m ) 35< in, 







PH 9.8 9.8 9.8 9.8 9.9 9.8 9.8 9.7 9.8 
dis Ca 3.9 7 4 3.8 3.6 3.7 3.6 3.8 2.9 mg/i 
dis Mg 5.4 6.8 5.4 5.2 5.1 5.2 5.2 5 5.2 mg/i 
No 252 256 253 257 269 247 248 249 251 mg/i 
dis Al 5.2 5.1 5.2 4.9 6.3 4.6 5.1 5.1 4.6 mg/i 
dis Fe .08 .22 .09 .07 .09 .08 .08 .09 .07 mg/i 
dis alk 405 410 405 410 455 405 405 400 410 mg/i CaCO3 
SO4 45.3 45 45.3 45 46.3 45.3 45.3 44.6 44.6 mg/i as S 
F .5 .5 .48 .5 .5 .5 .54 .5 .56 mg/i 
sulphide ... ... ... ... ... ... ... ... ... mg/i as S 
00 12 12.4 12 12.3 11.4 11.8 11.8 8.1 12.3 mg/i as 0 
110 125.6 131.1 125.6 128.7 116.8 122.2 123.5 82.1 127.4 X as 0 
EC 850 850 860 850 910 850 850 840 870 mhos/cm 
k].NGHORN LC)CH -- 	WATER EODY 	E;TATI0NS Fci-- 	2E3E31 
station 33< 2m ) 33< in ) 31< 91T, ) 31( Sm) 31< mu ) 29( 4 .Srn ) 29( mu ) 27< 2m ) 27( mu 
temp 17 17 15.5 16 17 16 17 17 17 C 
PH 9.8 9.8 9.7 9.7 9.8 9.7 9.8 9.7 9.8 
dis Ca 3.5 3.8 4.5 4.3 3.8 4.5 4.3 7.2 3.6 mg/i 
dis Mg 5.2 5.3 5.5 5.2 5.3 5.3 5 7.2 5.1 mg/i 
Na 252 253 243 245 245 250 246 252 
- 
249 mg/i 
dis Al 5.3 5.2 5.1 5.4 5 5 5.3 6.5 4.8 mg/i 
dis Fe .05 .07 .13 .07 .06 .04 .04 .19 .06 mg/i 
dis olk 410 410 410 405 405 405 405 400 405 mg/i CaCO3 
SO4 45.6 45 45.3 45 45.3 45.3 48.3 46 46.3 mg/i as S 
F .6 .6 .6 .59 .6 .56 .56 .56 .54 mg/i 
sulphide ... ... .14 ... ... ... ... ... ..- mg/i as S 
110 11.9 11.9 6.6 8.5 12 8.3 12.1 10.2 11.8 mg/ 1. as 0 
Do 123.2 123.2 66.2 .86.2 124.3 	. 84.2 125.3 105.6 122.2 X as (1 
EC 850 850 850 850 850 850 840 850 840 mhos/cm 
K]:NGHORN LC)CH - WATER 
station 25( .5m) 23( Sm) 23< mu) 
= = = == = 
temp 17.5 16 17 
pH 9.7 9.7 9.8 
dis Ca 5.4 4.3 4.2 
dis Mg 5.0 4.9 5 
Na 252 238 244 
dis Al 5.5 4.8 5.8 
dis Fe .05 .15 .15 
dis aik. 410 395 390 
904 45.6 46 45.6 
F .48 .5 .5 
sulphide 
tiC) 11.2 8.7 11.8 
t'o 117.2 88.2 122.2 



















= ====== = 
19(3.5m) 


















































mg/i as S 
m g/l 
mg/i as S 
Rig/ 3. as 0 
,, 	ast) 
mho s/cm 
k]:NGHORN LOCH - WATER BODY STATIt:)NE; FC)T- 
stat ion 15( Gm ) 15< Sm) 15< in) 13< Gm) 13< Sn) 13< in 
temp 15.5 16.5 17 15 16 17 
pH 9.7 9.7 9.0 9.9 9.7 9.7 
dis 	C.:i 14.7 4 3.7 4.2 3.9 3.8 
dis Mg 8.2 5.2 5.2 5.5 5.1 5.2 
Na 227 233 239 357 239 241 
ujjs 	Al 7.7 4.7 5.3 13.3 4.8 5,2 
dis Fe .81 .08 .08 .24 .05 .06 
dis alk 405 410 410 760 410 410 
SO4 46.3 46.6 58.6 51.3 55 46,3 
F .54 .48 .46 .84 .34 .54 
sulphide .06 ... ... >2 
rio 7.6 8,6 11.6 <.5 8.8 11.9 
rio 76.2 88.1 120.1 5 89.2 123.2 
at. 	 I 	 C 
840 
I DC 
840 860 1130 850 040 














































m g / 1 
mg/i 
mg/i CaCO3 
mg/l as S 
n g/l 
nug/l as S 
mg/i as 0 
Z 	as (I 
mhos/cns 
t<INGHC)RN LOCH - WATER BODY STATIONE cc - 24/8/81 
station 9( im ) 7( 5m ) 7( in) 5(3.5m) 5( lm) 3( .5m) 1( .5n 
temp 17 16.5 17 17 17.5 17.5 18 C 
pH 9.7 9.7 9.7 9.8 9.8 9.8 9.8 
dim Ca 4.1 3.9 2.6 2.8 2.6 2.1 2.4 mg/i 
dim Mg 5.3 5.2 5.1 5.2 5.1 5.2 4.9 mg/i 
Na 244 244 247 252 258 256 256 mg/i 
dim Al 4.9 5 4.6 4.4 5.1 4.7 4.5 mg/i 
dim Fe <.01 .03 .01 .01 .01 .02 .02 mg/i 
dim aik 405 400 410 410 400 410 400 mg/i CaCO3 
SO4 46.6 46.3 47.3 45.3 	 .47.3 46.6 46.6 mg/i as S 
F .48 .59 1.45 .7 .84 .6 .59 mg/i 
sulphide ... ... ... ... ... ... ... mg/i as S 
Ito 12 8.9 11.7 11.9 12.3 12.5 12.6 mg/l. as 0 
DO 124.3 91.2 121.2 123.2 128.7 130.8 133.2 7. as 0 
EC 840 840 840 840 830 820 790 mhos/cm 
I<INGHORN LOCH 	- WATER BODY 	STAT3:0NE; 
t.Qt.jsit.c:..]. •ppr-.isiI. - 	 •p 	 - 
samples maximum nsiriinium mean std.dev. ri20 rulO ruS 
temp 43 18 15 16.8023 .699835 0 1 3 C 
pH 43 9.9 9.7 9.76278 .06397 2 6 39 
dim Ca 43 	. 293 2.1 11.7953 44.2693 1353 5411 21645 mg/i 
d:i.s 	Mg 43 74.5 4.9 7.31163 10.7078 206 824 3296 mg/i 
Na 43 357 227 251.442 19.6983 1 2 9 mg/i 
dim Al 43 59.5 4.4 6.77674 8.42428 148 594 2375 rrig/l.  
dim Fe 43 1.9.5 <.01 .57593 2.96187 2540 10160 40641 mg/i 
dim aik 43 760 390 420 62.4685 2 8 34 mg/j. CaCO3 
904 43 	 . 103.3 44.6 48.0024 9.01578 3 14 54 mg/i as S 
F 43 1.45 .34 .56372 .173111 9 36 145 nug/l 
sulphide 4 2.48 .06 1.17 1.2514 110 439 1758 mg/i as S 
10 43 12.6 <.5 . 	 10.3628 2.79319 7 28 112 Frig /i 	as 0 
110 43 133.2 5 107.335 29.126 7 28 113 7. 	as 0 
EC 43 11.30 790 854.884 52.4305 0 1 6 mhos/cm 
TABLE ILl 0. Chemical analysis of Kinghorn Loch over 
a three dimensional grid of selected sampling 
stations for 5-10-1981; with statistical appraisal. 
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14(B01-.5m) 7(BOT-.5m) 
========== ====== ===== 
11 •11 C 
11 9.7 
5.6 4.9 mg/i 
.8 5.3 mg/i 
986 271 mg/i 
9.3 2.7 mg/i 
65.7 7.1 mg/i 
.06 .2 mg/i 
2080 495 mg/i CaCO3 
51 44 mg/i 
73.3 52 mg/i as S 
2.14 .46 mg/i as Si 
.35 <.05 mg/1 
.11 .02 mg/i as N 
5 3.5 mg/i as N 
.74 .09 mg/i as N 
3.7 1.6 mg/i 
.44 .11 mg/i as F 
6.4 <.05 mg/i as S 
3.6 9.5 Rig /i as 0 
32.7 86.2 X as 0 
2770 925 mhos/cm 
1:NGHC)RN LOCH - WATER BODY E;TATIc)NE; ëcr• 510/E)1. 
station 	45(BOT-.5m) 39(BOT-.5ni) 35(BOT-.5m) 30(BOT-.5m) 27(BOT-.5m) 23(B0T-.5m)21(BOT-.5m) 
temp 11 11 11 11 11 11 10 
pH 9.7 9.8 9.7 9.7 9.7 9.7 9.7 
dim Ca 5 5.3 5 5.2 5.1 5.2 5.1 
dim Mg 5.1 4.6 5.1 6 5.5 5.6 5.5 
Na 273 291 282 283 286 283 282 
K 2.8 '2.9 2.8 2.9 2.8 2.9 2.8 
dim Al 7 8.1 7.6 7.6 8.7 7.2 7.4 
dim Fe .66 .37 .12 .08 .08 .06 .08 
dim alk 495 555 495 505 505 505 515 
Ci 41 41 38 41 38 44 41 
804 45 47 54.3 46.6 46.6 47 47.3 
dis Si02 .97 .97 .83 .97 .79 .93 .97 
B .05 .05 .05 .1 .1 .1 .1 
NO2 .01 .01 .01 .03 <.01 .02 .03 
NO3 .4 .1 .35 .35 .05 .35 .3 
NH3 .12 .02 .1 .03 .02 .1 .08 
F 1.6 1.9 1.6 1.6 1.8 1.6 1.7 
F'04 .12 .09 .16 .14 .08 .2 .19 
sulphide .24 .26 .37 .91 .24 .34 .26 
110 9 9.7 8.8 8.2 95 9 8.7 
00 81.7 88 79.9 74.4 86.2 81.7 77.1 
EC 930 960 920 930 940 960 910 
I<INcHORN 	LC)CH - WATER FJC)DY 3TATI0N9 Fc,r S,iO,'Ul 
station 5(BOT-.5m) 
temp 10 C 
pH 9.7 
dim Co 5.2 mg/i 
dim Mg 5.4 mg/l. 
Na 276 mg/i 
K 2.7 mg/i 
dim Al 7.3 mg/i 
dim Fe .09 mg/i 
dim alk 475 mg/i CaC0 
Cl. 42 mg/l. 
904 45 mg/i as S 
dim Si02 .79 mg/l. as Si 
B .05 mg/i 
NO2 .02 mg/ 1. as N 
NO3 .1 mg/i as N 
NH3 .1 mg/l. as N 
F 1.6 mg/:L 
PO4 .1 mg/ 1. am P 
sulphide .21 mg/i as S 
110 9 mg/i as 0 
rn 7 11 
KINHC)RN LOCH - WATER BODYSTAT10NE-3.  
sit.at.je;t.c:'ii cip .i.i3. - 	cC)r- 	5,e 3.OE3i 
samples nia>injum minimum mean std.dev. n20 rilO riS 
temp 10 11 
== 	 = 
10 	 10.8 .421649 0 1 2 C 
pH 10 11 9.7 9.84 .408945 64 257 1606 
dis Co 10 5.6 4.9 5.16 .195503 0 1 2 mg/i 
dis Mg 10 6 .8 4.89 1.48357 9 35 141 mg/1 
No 10 986 271 351.3 223.091 39 155 620 mg/1 
K 10 9.3 2.7 3.46 2.05329 34 135 541 mg/1 
dis Al 10 65.7 7 13.37 18.394 182 727 2908 mg/1 
dis Fe 10 .66 .06 .18 .19362 Ili 444 1778 mg/1 
dis alk 10 2080 475 662.5 498.482 54 217 870 mg/1 CaC0 
Ci 10 51 38 42.1 3.72527 1 3 12 mg/1 
904 10 73.3 45 50.41 8.57711 3 11 44 mg/1 as 9 
dis Si02 10 2.14 .46 .982 .436343 19 76 303 mg/1 , as Si 
B 10 .35 <.05 .0975 .093132 Be 351 1402 mg/1 
P402 10 .11 <.01 .026499 .030555 128 511 2043 mg/1 as N 
NO3 10 5 .05 1.14 1.69588 213 850 3401 mg/1 as N 
NH3 10 .74 .02 .14 .214009 224 898 3591 mg/1 as N 
F 10 3.7 1.6 1.87 .651576 12 47 187 mg/1 
PO4 10 .44 .08 .163 .105519 40 161 644 mg/1 as P 
sulphide 10 6.4 <.05 .925499 1.93707 421 1683 6731 mg/1 as S 
110 10 9.7 3.6 8.5 1.77701 4 17 67 mg/1 as 0 
DO 10 88 32.7 7677 16.0536 4 17 67 x as 0 
EC 10 2770 815 1106 586.088 27 108 432 mhos/cm 
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TABLE A.1 1. Chemical analysis of Kinghorn Loch over 
a three dimensional grid of selected sampling 
stations for 30-10-1981; with statistical appraisal. 
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k3:NOH0RN LC)CH - WATER BODY 	STATXC)N; cc),- 	30,iO,'E3j. 
Station 50 BOT-.5m 48( BOT-.5n) 46( BUT-.5m) 46(1m- ) - 44( BOT-.5m) 39( BUT-.5m) 37( BOT-.5m ) 37( im) 35( B0T-.Sm) =========== 
temp 7 7 6 6 6 7.5 6 
====== ===== 












4.7 5.4 4 4.6 4.7 4.6 







7.6 7.6 7.5 












































mg/i as S 
mg/i as S 
mg/i as U 
% 	as  
nihos/cm 
R3:NOH0RN LOCH - WATER BODY STATIONS cc)1-- 3010,1E31. 
statiarf 	35(in0 33(BOT-.5m) 33( lm) 31(BOT-.5m) 31(5m) 31( lm) 29(BOT-.5i) 29( lm) 27(EiOT-.5ns) 










5. 2 5.3 4.2 4.8 57 5.6 5.7 







8.1 0.3 8.1 8.3 














9.6 <.1 <.1 








48 48 48 ... 48 -.. 48 48 












Rig /i as S 
mg/i as S 
nig/l as 0 
./. as  
mhos/cm 
KINOHORN LOCH - WATER BODY 	¶3TAT]:0NE; 4-ci- 3o,ioe1i 
stat ior, 27( in,) 25( BOT-.Sni) 23( BOT-..Sm) 23( in,) 21( EOT-.5m) 21(5m)' 21(Im) 19( BOT-.Sm) 19( ins) 




307 310 311 310 313 312 313 312 mg/i 4.1 4.2 4.2 4.2 4.2 4.2 4.2 4.2 mg/i dis Al 9.6 8.7 8.9 9.2 9.9 9.5 9.4 9 8.9 mg/i dis Fe .18 <.1 <.1 <.1 <.1 <.1 <.1 <.1 .2 mg/i dis aik 550 550 560 550 560 555 550 570 555 mg/i CaCO3 804 48 48 48 48 48 48 48 48 48 mg/i as S sulphide ... ... .36 ... .36 ... ... .. mg/i as S tiC) 12.4 12.5 12.3 12.5 12 12.4 12.3 12.1 
... 
12.4 mg/i as 0 DO 99.6 100.4 98.8 100.4 96.4 99.6 98.8 97.2 99.6 % QS 0 Er; 1120 1120 1130 1120 1130 1130 1120 1120 1120 mhos/cm 
KINOHORN LOCH 	WATER BODY 	STAT]:ONE Fcr 30/1.0 E1. 
station 17( BOT-.Snu ) 15( B0T-.5m ) 15< Sn) 15< in) 13( 80T-.5n5 ) 13< Sm ) 13( lm) 11( ins) 9( BOT.5m) 






550 550 550 550 550 555 550 mg/i CaCO3 









48 48 48 mg/i as S 












0 DO 100.4 97.2 98.8 100.4 97.2 97.2 100.4 103.8 101.2 X as 0 1120 1120 1.120 1120 1.130 1130 1130 1120 11.30 mhos/cm 
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KXNC3HC)RN LOCH - WATER BODY STATIONS 4-c,- 
station 9(lm) 7(BOT-.5i) 7( im) 5(BOT-.5 u ) 5(IM) 3(BOT-.5m) l(BOT-.5m) 
temp 6 	 6 





6.5 6.5 7 C 





















4.2 4.2 4.2 4.1 
mg/i 
mg/i 
dis Fe <.1 <.1 <.1 
9 
<.1 
9.2 9.4 9.2 mg/i 
dis aik 555 560 555 545 
<.1 
555 
<.1 .21 mg/i 
SO4 48 48 48 48 
540 550 mg/i CaCO3 
sulphide ... .34 ... ... 
48 48 48 mg/i as S 
















0 1140 1145 1150 1145 1150 1040 mhos/cm 
l<]:NOH0RN LOCH - WATER BODY 	SrATIc)NE s;t.stistic-,.] 
- 	+'CT 	30 10.,1 
samples maximum niinimun mean std.dev. ri20 rulO riS 













4.92791 .729749 2 8 34 mg/i 





1 S 20 mg/l. 























SO4 43 54.3 44 
555.116 24.8687 0 1 3 mg/i CaCO3 





0 0 1 mg/i as S 
110 43 12.7 11.8 12.3372 .215861 
5 
0 
20 82 mg/i as S 
rio 43 103.8 94.8 99.5498 1.98918 0 
0 0 mg/i as 0 
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APPENDIX B 
PHYSICAL DESCRIPTION OF 
SEDIMENT SURFACE 
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B.1. CUMULATIVE PERCENTAGE FREQUENCY CURVES. 
The figures compiled in this section represent the graphical display 
of the results from particle size analysis of the sediment surface 
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B.2. GENERAL DESCRIPTION OF SEDIMENT SURFACE. 
This section contains a decription of the sediment surface at each 
station as observed during the surveys of February 1981. It is  
compilation of the visual appearance of the undisturbed surface as 
seen via the doors of the Van Veen grab (illustrated in Figure 5.1), 
observations on the debris not passing a 250 urn sieve (during 
invertebrate separation), and the findings of particle-size analysis. 
Refer to Figure 4.1 to determine the location of each sampling 
station. The loch gave a mean pH value of 9.6 for the month, which 
was characterised by a prolonged period of calm weather. 
Note that all 'mud" was red-btowri in colour unless otherwise stated. 
Any reference to Gastraxx1a refers to occurences of shells only; no 
living individuals were found during any survey. Shells were 
generally in poor condition, being very fragile and thin. 
m.d. = median diameter. 
Station 1 to 3. 
Rock or large stones without significant sediment. 
Station 4. 
Granule/pebble of 80-150 mm m.d. 
Station 5 to 8. 
Very poorly sorted muds (m.d. 4, 15, 22, and 6 urn respectively), 
containing numerous cladocera eggs. A few sphaerium, ostraceda and 
lyrnnae shells were present. Station 8 contained detrital leaves. A 
very few chironomidae and chaolxrus were seen. 
Station 9. 
Very poorly sorted coarse sand (m.d. 650 urn), containing clodocera 




Some coarse sand but mainly mineral encrusted, rotted macophyte 
debris of Pol ygonum amphibium. Chironaitidae were abundant and other 
invertebrates were present. 
Station 11. 
Moderated sorted mud (m.d. 6 urn), containing some fine, black, 
organic debris and small splinters of rotted wood. Numerous sphae-
rium shells but few cladocera eggs. Many empty chironomid tubes. 
A few chironomidae and chaoborus were found. 
Station 12. 
Poorly sorted mud (m.d. 3 urn), containing similar material to 
station 11 but in much reduced numbers. A very few chironanidae and 
some chaoborus were observed. 
Station 13. 
Poorly sorted mud (m.d. 3 urn), containing very little extraneous 
material. Chaoborus were abundant. 
Station 14. 
Anoxic mud, moderately sorted (m.d. 10 urn), containing very little 
extraneous material. Chaoborus were abundant. 
Station 15 to 16. 
Poorly sorted mud (m.d. 6, 3 urn respectively), containing very 
little debris except for a few very small lyrnnae and plentiful 
clodocera eggs. Abundant chaoborus were found though less so in 
station 16.. 
Station 17. 
Very pearly sorted mud (m.d. 4 urn) containing sand and stones to 20 
m. Very little debris. Chironanidae were present. 
Station 18. 
Rock, no sediment. 
Station 19 to 20. 
Moderately sorted mud (m.d. 3 urn), containing little organic debris 
and very few shells or cladocera eggs; more numerous at station 20 
where one caddis case was observed. Chaoborus were relatively 
abundant. 
Station 21. 
Anoxic mud, well sorted (m.d. 3 urn), containing some detrital 
leaves and a number of sphaeriurn shells and clodocera eggs. Chaob-
orus were abundant. 
Station 22. 
Well sorted mud (m.d. 20 urn), containing some large (8 mm) sphae-
rium shells, some leaves and cladocera eggs. Fairly abundant 
chaoborus were found. 
Station 23. 
Moderated well sorted mud (m.d. 10 urn), similar to station 22 but 
containing some large pieces of mineral coated macrophyte debris. 
A few chaolxrus were seen. 
Station 24. 
Moderately well sorted mud (m.d. 45 urn); sample consisting mainly 
of mineral coated P.arnphibiurn debris. Numerous clodocera eggs and 
ostracoda shells. Chironomidae were present. 
Station 25. 
Well sorted mud (m.d. 26 urn); sample consisting mainly of mineral 
coated carex debris with few shells but abundant cladocera eggs. 




Poorly sorted mud (m.d. 7 urn), similar, but less abundant, to 
station 25. 
Station 27 to 28. 
Moderately well sorted mud (m.d. 3 urn, very little  debris (mare in 
station 28) and few clodocera eggs or shells. Chaoborus were 
present. 
Station 29 to 30. 
Poorly sorted mud (m.d. 3 urn), very little dark, organic debris, 
sane largish sphaeriurn shells and few cladocera eggs and ostraceda 
station 30 contained chironomid tubes. Chaoborus and a few chiro-
nanidae were present. 
Station 31. 
Moderately sorted mud (m.d. 3 urn), some fine organic debris with 
plentiful ostraceda shells and cladocera eggs. Moderate numbers of 
chaobrus and a few chironanidae seen. 
Station 32. 
Poorly sorted mud. (m.d. 3 urn), plentiful P.arnphibiurn and leaf 
debris with a few chironomid tubes, cladocera eggs and ostraceda 
shells. Chironanidae were present. 
Station 33. 
Very poorly sorted mud, (m.d. 4 urn), containing plentiful P.arnphi-
biurn (much of it mineral coated) and leaf debris. Some chironcmi-
the and a few chaoorus seen. 
Station 34 to 37. 
Poor or very poorly sorted mud (m.d. 3-4 urn), with very little 
organic debris discernable. Abundant sphaerium and ostraceda 
shells and cladocera eggs and sane chironanid tubes. A few chiro-
nanidae were present and chaoborus were present at stations 34 and 
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35. 
Station 38. 
Anoxic, poorly sorted fine sand (m.d. 180 urn), containing granules 
(approx. 10 mm) and some mineral coated macrophyte debris. 
Station 39. 
Anoxic, orange-red, moderately well sorted mud (m.d. 3 urn), large 
amount of very light, friable mineral platelets. No real surface to 
sediment. 
Station 40. 
Very poorly sorted granules containing blaize (>20 mm) and assorted 
macrophyte litter much of it mineral coated. Some invertebrates 
were present. 
Station 41. 
Black mud and living macrophyte roots, mainly carex with P.amphibiurn; 
no mineral coating. Some invertebrates found. 
Station 42. 
Very poorly sorted, ve'y coarse, dark sand (m.d. 1.4 mm) similar 
detritus to station 41. Very, abundant small chironanidae and other 
invertebrates were found. 
Station 43. 
Poorly sorted mud (m.d. 32 urn), containing granules to 20 mm and 
rotting organic material, mainly leaf. Few cladocera eggs or 
shells. Very abundant, very small chironanidae were seen. 
Station 44. 
Very coarse sand (m.d. 1.8 mm) on rock, containing a few cladocera 
eggs and several chironomid tubes. Abundant chironornidae were 
present. 
Station 45 to 47. 
Poor or very poorly sorted mud (m.d. 3, 7, 3 urn respectively), 
abundant dark organic detritus and mineral coated twigs. Abundant 
ostraceda shells and some cladocera eggs. Moderate numbers of 
chironanidae were found, a few chao1rus and a few other inverteb-
rates. 
Station 48. 
Very poorly sorted mud (m.d. 16 urn), with much organic material 
(mainly dumped oat grains) and granules up to 10 mm. No shells. 
Chironanidae were very abundant and procladius were present. 
Station 49. 
Moderated sorted mud (m.d. 55 urn), very little debris, some chiro-
nomid tubes, and spiragyra. Chirononiidae were present. 
Station 50. 
Very poorly sorted mud (m.d. 5 urn), containing granules up to 10 mm 
and much undifferentiated plant and organic debris. Chironomidae 
were abundant. 
Station 51. 
Granule/pebble (m.d. 2.7 mm), very fine dark, organic detritus. 
Abundant, small chironcmidae were observed. 
APPENDIX C 
PHYSICAL DESCRIPTION 
OF SEDIMENT CORES 
rx~ rreh '370 	 7t1DO'1TflTV 
Core profiles are shown for three sampling dates. pH (in situ) and 
moisture content profiles are also included. Cores taken in Spring 
1983 were extracted after a period of prolonged turbulent weather 
while those for July 1983 were taken after calm weather. Note that 
this date is eight weeks after the diversion of the leachate, but no 
effect on loch water pH or chemistry was as yet apparent. A core was 
retrieved fran station 39 in April 1985,   by which time water pH and 
chemistry had very markedly improved. 
Key to profiles. 
diffuse surface material, water content >95% wet weight, 
of very fine, pale, bright red mud. 
semi liquid to very soft fine, pale bright red mud. 
very thin (1-2 nuii) pale red "skin". 
red brown, more colsolidated, mud, devoid of obvious 
detritus. 
similar, but with a distinct grey hue. 
similar, but pronounced dark grey colour. 
similar, but containing vegitative detritus and shells. 
very dark brown fibrous material, containing many shells 
and vegitative detritus - the "natural" loch sediment. 
Notes. 
progressive change from upper to lower type. 
(I) 	chironomus pluinosus tubes in surface (April 1985,station 
39). 
Cores taken Spring 1983. 
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APPENDIX D 
RESULTS OF ANALYSIS 
OF SEDIMENT CORES 
nn an .77') 	 71 
Table D.1 tabulates the results of fused disc and pressed pellet 
analysis with C-H-N elemental analysis for cores at stations 14, 39, 
39A, and 45. 
Ccr.ca 14 
14(0-3) 143-6 14( 6-9) 14( 9-12) 14(12-15) 14( 15-18 ) 14(18-21) 14(21-24) 14(24-27) 14(27-30)  
4.099 4.051 5.316 6.398 4.018 5.779 7.227 9.614 11.13 7. 
Al ... 5.565 4.988 5.197 5.248 5.386 4.931 4.618 4.885 5.253 7 
1.094 1.01. 1.466 1.727 1.29 1.569 1.706 2.342 2.952 7. 
Mg ... 4.009 4.302 3.969 3.452 3.142 2.602 2.597 2.518 2.545 7. 
17.15 19.59 17.15 15.62 17.86 17.44 17.85 15.06 1.2.95 7. 
.6268 .5056 .5738 .5068 .4687 .3956 .3562 .3677 .390 7. 
K 	- ... .0976 .1016 .1446 .1796 .1133 .1391 .1698 .2505 .2955 7. 
p ... .1989 .1689 .1989 .2129 .2359 .2699 .2439 .2349 .2619 7. 
L.O.I. ... 45.2 43.4 43.1 42.8 44.4 43.8 40.8 38 35.1 7. 
0 ... 20.74 20.7 21.44 21.91 20.69 21.02 22.6 24.74 26.34 7. 
C]. ... 0 0 0 0 0 0 0 0 0 mg/kg 
Mo ... 0 4 16 32 22 26 12 8 7 mg/kg 
Zr ... 43 39 52 62 52 56 63 78 102 mg/kg 
Y ... 6 6 7 9 8 9 9 12 14 mg/kg 
748 804 721 626 704 669 630 498 461 mg/kg 
Rh 7 7 9 10 7 9 11 14 16 mg/kg 
T  ... 0 0 0 0 0 0 0 2 2 mg/kg 
Pb ... 20 22 28 	. 38 29 33 41 56 65 mg/kg 
747 653.9 560.9 440.9 435.6 366.4 263.1 230.8 218.8 aug/kg 
Zn ... 53 54 78 105 75 92 108 153 165 mg/kg 
Cu. ... 49 39 	. 42 46 38 43 53 56 55 mg/kg 
NI ... 35 33 43 54 41 51 60 74 87 mg/kg 
278 317 488 690 548 689 1127 1347 1.480 mg/kg 
137 129 136 125 95 101 125 152 182 mg/kg 
2554 1.330 1.249 1.086 1330 1.207 644 547.6 515.6 aug/kg 
107 146 143 1.66 142 179 204 225 252 Rig/kg 
Ti ... 1232 1.192 1.648 2142 1540 1750 2098 3057 3865 mg/kg. 
I ... 403 407 409 417 410 309 393 336 298 mg/kg 
1108 .1.336 3003 4934 3071. 4208 4678 5720 6658 mg/kg 
Br- ... 29 26 33 37 33 32 39 42 52 aug/kg 
org 	C 9.77 7.93 5.06 7.54 0.33 6.95 8.24 6.02 7.36 7.77 7. 
ruorq 	C 2.77 4.96 6.08 5.02 4.59 5.34 5.15 5.1 4.18 3.58 . 7. 
N 1.01 .92 .52 .71 .01. .81 .913 .9 .98 .89 7. 
nioist'ir-e 94.5 90.2 06.9 86,9 86.9 Be 88.9 95.7 87.4 97.3 7. wet wt. 
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Ccr-c. 14 
14( 30-33) 14( 33- - 36) 14(36-39 ) 14( 39-42) 14( 42-45) 14( 45-40) 14( 40-51) 14( 51-54) 1.4(54-56) 
Si 13.82 14.02 15.23 16.27 16.05 17.2 17.99 18.48 17.72 7. 
Al 5.077 4., 86 4.702 4.885 4.753 5.068 5.301 4.992 4.619 7. 
Fe 3.433 3.603 4.031 4.515 4.666 5.048 5.412 5.390 4.726 7. 
Mg 2.364 2.59 2.471 2.576 2.505 2.723 2.791 2.645 2.497 7. 
10.32 9.527 8.544 0.064 7.217 7.041 6.508 6.062 8.056 7. 
.4125 .4674 .4085 .4212 .3005 .4242 .3699 .3102 .2529 7. 
.3814 .4243 .4985 .5750 .5669 .6253 .6522 .6103 .5642 7. 
F, .2159 .1649 .1469 .1289 .1249 .1229 .1269 .1169 .1129 7. 
L.O.I. 33.2 33.1 32.3 30.3 29.9 28.4 26.4 27.1 29.4 7. 
0 28.29 28.21 29.2 30.66 29.95 31.84 32.96 32.89 32.04 7. ci. 0 0 0 0 0 0 0 0 0 mg/kg 
Mo 6 12 11 7 4 1 0 0 0 mg/kg 
ZT 105 115 122 134 120 139 147 138 123 mg/kg 
y 15 18 18 19 19 19 20 19 17 mg/kg 
Sr 402 329 314 284 271 277 266 245 268 17ig/kg 
Rb 21 25 26 29 28 30 31 29 26 mg/kg 
lh 2 1 1 3 0 2 2 2 1 mg/kg 
Pb 78 97 95 97 91 86 82 65 52 mg/kg 
181.7 108.6 64.83 47.08 33.13 22.54 16.44 16.54 15.4 mg/kg 
Zri 194 222 213 206 191 172 152 127 95 
Cu 60 62 58 57 52 55 53 46 37 in 
Ni 102 123 133 147 143 154 159 152 137 mg/kg 
Mis 1276 .1.064 939 946 972 970 873 707 808 mg/kg 
194 197 183 194 182 198 203 193 172 rig/kg 
486.5 406.4 272.7 199 179.1 176.7 172.6 173.7 154.5 mg/kg 
Ba 260 315 205 321 308 332 361 362 317 mg/kg 
ii 4380 5374 5015 6505 6466 7034 7406 7124 6459 mg/kg 
i 253 211 203 184 178 173 163 152 109 mg/kg 
S 8519 . 13194 1.9667 20553 23842 20402 1.8204 21732 15835 mg/kg 
Br 56 58 57 53 56 66 65 62 63 mg/kg 
org 	C 8.19 0.37 8.99 8.1 7.7 7.04 7.03 6.49 6.29 7. 
inorg C 2.64 2.42 2.14 2.01 1.9 ,7 :1.78 :1,46 1.39 2. 1.5 7. 
N 1.17 .97 .90 .07 .93 .73 .2' .62 .71. 7. 
moisture 87.5 00 87.1 85.6 85.3 82 82.9 82 83.2 7. 	wmt wt. 
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Ccv-e 39 
39( 0-3) 	39(3-6) 	39( 6-9) 	39( 9-12) 	39( 12-15) 39( 15-18) 39( 18-21) 39( 21-24) 39( 24-27) 39( 27-30) 
Si 3.385 3.378 3.22 2.905._......._2.1396 2.49 5.143 4.361 3.685 9.478 7. Al 5.256 5.174 4.795 '4.391 4.403 4.65 5.625 5.02 5.823 5.12 7. Fe 2.156 2.502 2.579 2.573 2.575 2.619 3.064 2.444 1.568 2.494 7. 
Mg 5.826 5.535 4.91 4.498 4.52 5 5.31 4.456 5.65 3.696 7. 























mg/kg Rh .. 8 11 10 11 15 19 11 6 14 mg/kg T  ... 3 4 3 3 2 2 0 0 0 mg/kg Pb ... 23 26 22 34 35 30 32 35 43 mg/k.g 
790.8 670.9 676.6 863.3 977.7 932.3 733 917.1 - 564.9 mg/kg Zn ... 52 49 	. 44 	. 59 60 60 51 53 75 
Cu ... 29 26 23'" 38 35 34 28 	..... 42 50 mg/kg 
Ni ... 52 42. 40 47 42 49 38 35 65 mg/kg 
MI - I ... 522 468 449 626 510 490 358 455 715 mg/kg Cr ... 120 126 131 160 99 127 107 102 124 mg/kg V ... 293.6 275.8 247.9 . 306-.4 326.5 	. 274.4 289.4 .371.6 330.3 mg/kg 79 84 97 98 107 148 129 136 217 mg/kg Ti ... 2062 2303 2272 2565 1976 2685 1991 1448 3028 mg/kg I ... 413 381 398 370 343 349 393 362 332 mg/kg g ... 1.162 832.2 1.14.8 769 1708 2705 2114 2531 7476 . 	mg/kg Br' ... 26 23 21. 27 30 30 29 38 39 mg/kg org 	C 4.46 4.3 3.8 3.36 4.42 4.58 4.45 4.63 6.32 7.6 7. u - org 	C 5.41 5.67 5.99 6.59 5.88 5.94 5.04 5.61 4.91 3.81 7. N .29 .29 .21 .18 .25 .16 .28 .28 .46 .45 7. 
aoistire 98.7 87.3 66.5 80.6 84.2 67,7 83.8 76.1 74.1 77.3 7. wet wt. 
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Cc)I-  c 	39 
39( 30-33) 39( 33-36) 39(U-39) 39(39-42) 39( 42-45) 39( 45-48) 39( 48-51) 39( 51-54) 39( 54-58) 
13.09 15.92 21.01 17.04 17.28 17.36 17.98 22.36 22.9 7. 
Al 5.107 4.726 3.797 4.677 5.18 5.375 5.28 4.566 4.602 7. 
Fe 3.465 4.523 4.207 4.142 4.838 5.398 5.091 3.841 3.882 7. 
Mg 2.983 2.568 2.055 2.691 2.692 2.757 2.666 2.295 2.255 7 
7.645 5.228 3.167 4.866 3.827 3.892 3.035 2.607 2.433 7. 
Na .6407 .6521 .5395 .5667 .5436 .4929 .4862 .4226 .3926 7 
K .4993 .5711 .5664 .5614 .6496 .6892 .7379 .7212 .7362 7. 
P .1339 .1169 .0939 .1199 .114 .114 .108 .093 .09 7. 
L.0.1. 35.2 33.3 29.4 32.6 31.9 30.7 31.3 26.2 25.3 7. 
0 26.86 28.99 32.6 29.99 30.67 31.27 31.43 34.69 35.26 7. 
Ci 0 0 0 0 0 0 7.615 0 0 mg/kg 
Mo 23 16 14 10 3 0 0 0 0 mg/kg 
Zr 144 167 156 156 157 154 152 173 185 mg/kg 
V 19 21 17 20 21 20 20 20 18 mg/kg 
Sr 329 224 226 233 232 243 282 223 185 mg/kg 
Rb 29 29 22 28 32 31 28 26 26 mg/k9 
Th 1 0 1 1 2 2 3 0 0 mg/kg 
Pb 66 70 44 59 67 62 55 45 28 mg/kg 
332.5 257.4 253.6 150.6 69.78 60.32 108 52.29 41.31 mg/kg 
Zri 146 154 104 122 135 	.-. 122 106 85 71 mg/J&g 
Cu 54 53 40 51 50 45 41 32 27 mg/kg 
N  117 132 1.08 135 148 143 129 117 108 mg/kg 
626 544 478 541 548 550 486 415 362, mg/kg 
Cr 198 207 169 211 222 223 211 213 197 mg/kg 
V 328.7 204.5 175.8 219.8 207.1 1.99 199.5 176.9 1.51.9 mg/kg 
So 320 348 307 383 410 396 336 366 337 mg/kg 
6185 7103 5870 7455 7895 8101 7376 7681 7000 mg/kg 
I 159 100 100 89 97 110 135 94 78 Rug/kg 
8 22835 40651 38874 30083 27034 29180 1.9404 9359 6066 mg/kg 
65 67 65 75 77 70 66 54 37 1y1g1v.q 
or 	C 11.56 11.83 1.1.04 1.1.35 11.36 1.....01. 1.1.15 9.47 8.15 7. 
iriorq 	C 1.96 .98 .51. 1.19 .52 .79 .41 . 	 .47 .29 "4 
N .75 .81 .8 .79 .91. .88 .91. .71. .56 7. 
moisture 82.4 83.6 81.5 81,6 79.1 67.8 74.8 68.7 68.3 "4 wet wt. 
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Ccv- c-* 3 9 A 
39A( 0-45.) 39A( 45-413) 39A( 40-51) 39A( 51-54) 39A(54-57 ) 39A( 57-60) 39A( 60-63) 39A( 63-66) 39A( 66-69) 39A( 69-72) 
======== ======== ======== 
Si 2.897 3.743 3.787 3.758 3.349 2.799 2.077 3.375 3.923 3.384 7. 
Al 4.43 6.162 6.07 6.139 5.903 4.367 4.114 4.504 5.008 
- 
5.167 7. 
Fe 2.516 2.1301 2.721 2.744 3,582 2.515 2.261 1.1308 1.999 1.613 7. 
Mg 4.181 6.463 6.427 6.511 5.744 4.452 4.401 4.752 4.927 4.721 7. 
cq 7.171 11.64 12.38 12.68 13.57 20.16 19.29 17.5 16.94 17.82 7.. 
Na 1.701 .9655 .7397 .856 1.213 .8762 .7424 .6058 .6484 .4113 7. 
K .0059 .0949 .1039 .10135 .1098 .0923 .1147 .133 .1347 .0916 7. 
Ti .231 .264 .255 .257 .327 .222 .186 .151 .179 .143 7. 
Mi's .033 .041 .041 .044 .038 .036 .031 .033 .045 .042 7. 
P .2986 .3636 .3567 .3708 .3588 .2639 .2249 .1999 .2159 .2139 7. 
L.O.I. 43.4 43.2 43.1 43.1 42.2 42.9 44.6 46 44.1 45 7. 
0 15.13 20.94 21.05 21.33 21.01 20.02 19.27 19.41 20.52 19.98 7. 
moisture 99.7 96.8 95.7 94.6 93,4 813 86.1 84.3 136.4 86.6 7. wet 	wt. 
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Cc-e 3 9 A 
39A( 72-75) 39A( 75-78) 39A( 78-81) 39A( 81-85) 
S:. 3.9213 4.546 10.65 14.19 7. 
Al 4.662 4.18 4.401 4.216 7. 
Fe 1.484 1.404 2.566 3.781 7. 
Mg 3.476 3.009 3.024 2.349 7. 
Co 20.135 22.09 13.25 7.095 7. 
No .2653 .2341 .2836 .4517 7. 
K .1055 .1322 .3037 .4998 7. 
Ti .143 .151 .33 .494 7. 
MI - I .049 .057 .07 .045 7. 
F .1749 .176 .139 .106 7. 
1.0.1. 42.9 41.9 34.4 35.7 7. 
1) 20,38 20.81 25.08 26.73 7. 
moisture 80.4 713.3 77.6 76,5 7, wet wt. 
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CcrE4 45 
45( 0-3) 45( 3-6) 45( 6-9) 45( 9-12) 45( 12-15) 45( 15-18) 45(18-21.) 45( 21-24) 45( 24-27) 45( 27-30) 
n == = 
Si 7.23 7.633 7.964 8.751 9.86 10.137 12.95 15.87 17.57 17.73 V. 
Al 5.099 5.224 5.211 5.429 5.267 5.239 5.268 5.469 5.557 5.251 V. 
Fe 1.976 2.117 2.206 2.492 2.768 2.986 3.462 4.454 5.117 5.581 V. 
Mg 3.99 3.93 3.652 3.441 3.265 3.172 3.038 3.12 3.23 3.074 V. 
CQ 16.36 16.91 16.7 15.9 14.25 14.12 12.09 8.809 7.394 7.921 V. 
Na .2957 .3499 .3768 .325 .4067 .4717 .4727 .6343 .6387 .5914 7 
K .2114 .2277 .2396 .2691 .3184 .3524 .4274 .5895 .6588 .6528 V. 
P .1377 .1428 .1449 .1549 .1579 .1629 .1519 .1419 .128 .119 2 
L.O.I. 37.7 37.8 37.6 36.5 36.8 34.2 31.2 27 24.9 22.9 V. 
0 23.35 24.21 24.36 25.14 25.68 26.85 28.6 31.46 33.34 33.54 7. 
Ci ... 0 0 0 0 0 0 0 0 0 mg/kg 
Mo ... 0 0 0 0 0 0 0 0 1 mg/kg 
Zr ... 71 74 78 87 94 109 132 153 157 mg/kg 
Y ... 10 9 11 11 13 14 18 20 19 fig/kg 
Sr ... 645 626 610 527 503 436 374 314 311 mg/kg 
Rh ... 14 15 14 18 21 24 30 32 30 mg/kg 
Th ... 0 0 0 	 .1 1 0 3 3 0 mg/kg 
Pb ... 35 37 40 44 54 66 87 96 90 mg/kg 
As ... 384.2 378.9 332.3 232.6 188.6 136.6 108.7 67.94 64.91 mg/kg 
Zn ... 105 111 120 143 163 189 216 223 209 mg/kg 
Cu ... 33 36 38 46 52 54 60 58 54 mg/kg 
68 71 78 91 98 1.1.2 141 162 172 mg/kg 
Mn ... 676 743 814 919 996 1.071 1108 1.288 1204 mg/kg 
Cr ... 128 136 138 156 164 183 210 243 249 mg/kg 
v ... 248.2 226.8 212.4 187.9 227,9 249.8 295 .294.4 255.3 mg/kg 
167 173 176 217 220 239 303 364 365 mg/kg 
Ti ... 2812 2901 3147 3770 4133 4835 6093 7471 7666 mg/kg 
I ... 625 668 686 551 462 393 287 212 206 mg/k9 
1641 1.694 1809 1.856 2520 4655 12624 1.9506 19606 mg/kg 
Br ... 50 57 64 70 67 67 55 49 52 mg/kg 
org 	C ... 4.58 3,18 6.6 6.94 6.92 7.32 7.84 7.17 6.16 7. 
iniorg 	C .... 6.68 5.08 4.91 4.4 4.23 3.61 2.41 2.17 1.90. 7. 
.59 .59 .63 .63 .63 .67 .66 .58 .52 7. 
moisture 95.9 92.2 86.7 84.1 81.1 81.2 81.3 80.1 76.7 77.2 7. wet wt. 
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APPENDIX E 
COMPUTER PROGRAMS 
TABLE E.1. "KWCH(DEFF" a canputer program 
for the calculation of Pearson's correlation 
coefficients for aqueous chemistry. 
I<LOCHCC)EFF 
0010 !KLOCHCOEFF 
0015 TAB =5 
0020 RESTORE 
0030 DATA 6 , 7 , 9 , 11 , 12 , 13 , 15 , 17 ,18,19,25,29,30,31,32,35,36,37,38,44,45 p 47 
0040 MAT READ R(22) 
0050 DATA pH','diss Ca','diss Mg','Na','K','diss Al','diss Fe','tot As' 
0060 DATA 'Tot V','tot Mri,'diss alk','Cl','SO4','SiO2','NO3e,uwH3a,aF,PO4s,IEc..u,u9s••chlor.ophyllI 
• 	0080 OPEN FILE (0,2),'out..mx' 
0090 GPOS FILE (0),P 
0100 LET P=P/200-1 
0110 DIM M(50),N(22,22) 
0120 FOR 1=1 TO 22 
0130 	FOR J1 TO 22 
• 	0140 LET N(I,J)=-9999 
0150 	NEXT J 
0160 NEXT I 
0170 FOR 1=1 TO 21 
0180 	FOR J=I+1 TO 22 
0190 PRINT I;'';J, 
0200 	LET N0 !rio of co-results 
0210 LET 6=0 sumxt.j 
0220 	LET S10 suffix 
0230 LET 62=0 !suniy 
0240 	LET 93=0 !surnxx 
0250 LET S40 Isumyy 
0260 	FOR K=0 TO P 
0270 SPOS FILE (0),K*200 
0280 	MAT READ FILE (0),M 
0290 LET E=0 
0300 	LET Y=M(R(I)) 
0310 GOSUB 0710 
0320 	LET X=Y 
0330 LET Y=M(R(J)) 
0340 	GOSUB 0710 
0350 IF E THEN GOTO 0430 
0360 	IF J=27 THEN IF YO-9999 THEN LET YLOGY*.434294 !loqlO(chiorophyli) 
0370 LET S=S+X*Y 
0380 	LET S1=Si+X 
0390 LET 62=S2+Y 
0400 	LET S3=S3+XX 
0410 LET 64=64+Y*Y 
0420 	LET N=N+1 
0430 NEXT R 
0440 	IF N<5 THEN GOTO 0480 
0450 LET X=S-SiS2/N 
0460 	LET Y( 53-S1161/N )( S4-S2S2/N) 
0470 LET N( 1,J )INT( X/SOR( Y )*J.0004-.5 
0475 	PRINT N( I, J) 
0480 NEXT J 
KLOCHCC)EFFc:c)r. ' 
0495 OPEN FILE (1,1), 1 loch.cf 
0496 MAT WRITE FILE ( 1 ),N 
0500 CLOSE 
0501 OPEN FILE (1,3),loch.cf 
0502 DIM N(22,22) 
0503 MAT READ FILE (1),N 
0505 RESTORE 0050 
0510 PRINT"printout occurirtg' 
0520 OPEN FILE (0,1),'$lpt' 
0530 PRINT FILE (0),'<13:><27:::.<cor.r.eI,iori coefficients (xl000) for loch water 1981 -. 1983<27:::.= 
0540 PRINT FILE (0),<13><13> 	 temp pH tCa ciCa tMg dMg Na K tAl dAl tFe dFe ; 
0550 PRINT FILE (0), As V Mn talkdalk Cl 904 Si NO3 NH3 F PO4 EC SS c'phyll' 
0560 PRINT  FILE  
0570 PRINT FILE (0),'  = = = 	= = = == = = = = = = = = = = = = = = = = = = = = = = = 	= = = = == 
0500 FOR 1=1 TO 21 
0590 	READ Ps 
0600 PRINT FILE (0),D$; TAE((11);"V; 
0610 	FOR J=2 TO 22 
0620 LET A$= 
0630 	IF N( I, J )<)-9999 THEN LET A$=STR$( N( I , J)) 
0640 PRINT FILE (0),A$ 
0650 	NEXT J 
0660 PRINT FILE (0) 
0670 NEXT I 
0680 PRINT FILE (o),<13><13:::;sTRss.ys1;/•;sTRs(sys(2)); . ,sTRs(gys(3).19oo) 
0690 CLOSE 
0695 TAB =14 
0700 STOP 
0710 IF Y=-9999 THEN LET E=l 
0720 IF Y<0 THEN LET Y=( -Y )12 
0730 IF Y>9000 THEN LET Y=Y_90000 
0740 RETURN 
dated: 1.4 I 10 / 1985 
TABLE E.2. "CLUSTER" and "CLUSTER2" 
computer-programs for the multivariate 
correlation between the segments of a 
core and between cores. 
CL U ST ER 
0010 ! Cluster 
0020 OPEN FILE (1,1),CORE.MX 
0030 OPEN FILE (0,3),'14.MX" 
0040 DIM R(37),M( 18,37) 
0050 MAT READ FILE (0),R,M 
0060 MAT WRITE FILE (1),M 
0070 CLOSE FILE (0) 
0080 OPEN FILE (0,3),39..MXU 
0090 MAT READ FILE (0),R,M 
0100 MAT WRITE FILE ( 1 ),M 
0110 CLOSE FILE (0) 
0120 OPEN FILE (0,3),45..MX 
0130 DIM M(9,37) 
0140 MAT REAP FILE (0),R,H 
0150 MAT WRITE FILE (1),M 
0160 CLOSE 
0170 CHAIN CLUSTER2 
dated: 14 / 10 / 1985 
C L Li S T ER 2 
0010 !cluster2 
0020 PRINT 'Enter 4'30>D 0 <30>E for distance coefficient' 
0021 PRINT 'or 	<30>D 1 <30>E for correl.ation coefficient" 
0025 INPUT H 
0030 DIM R(37),M(45,37),N(18,18),Z$(1O),g$(80) 
0040 RESTORE 1630 
0070 FOR 6=1 TO 6 
0080 	IF 6-1 THEN GOTO 0390 
0090 OPEN FILE (0,3),'CORE.JIX 
0100 	OPEN FILE (1,1),'CORE.MT' 
0110 MAT READ FILE (0),M 
0120 	IF H THEN GOTO 0370 
0130 PRINT '<12><13>results being over•Qged<13:><13)' 
0140 	FOR 1=1 TO 37 
0150 PRINT '4'13><20 1- 6 ;I;'<21>' 
0160 	LET N0 
0170 LET 8=0 
0180 	FOR J=1 TO 45 
0190 IF M(J,I)<=0 THEN GOTO 0220 
0200 	LET N=N+l 
0210 LET S=S+M(J,I) 
0220 	PRINT M(J,I) 1, 
0230 NEXT J 
0240 	LET R(I)=O 
0250 IF S THEN LET R( I )=S/N 
0260 	PRINT '<13>' 
0270 NEXT I 
0280 	PRINT'Standardised forrnt<i3:(l3:" 
0290 FOR 1=1 TO 37 
0300 	PRINT  
0310 FOR J1 TO 45 
0320 	IF M( J,I )0-9999 THEN IF M( J,I ) THEN LET M( J,I )=M( J,I )/R(I) 
0330 PRINT M(J,I) 
0340 	NEXT J 
0350 PRINT '13>' 
0360 	NEXT I 
0370 MAT WRITE FILE (l),M 
0380 	CLOSE 
0390 OPEN FILE (0,3),'CORE.MT° 
0400 	MAT READ FILE (0),M 
0410 CLOSE 
0420 	READ 2$ 
0430 LET P=VAL(Z$(1,i>) 
0440 	LET 0$=Z$(2,6) 
0450 LET I1=VAL(Z$(7,8)) 
0460 	LET J1=VAL(Z$(9,10)) 
0470 LET X=0 
0480 	OPEN FILE (0,1),"OrdCoeff' 
0490 LET N0=18 
CLLJETER2c:c,ri It. 
0510 	LET N118 
0520 IF 0=6 THEN LET N1=9 
0530 	DIM N(N0,N1) 
0540 FOR 11 TO NO 
0550 	FOR J=1 TO Ni 
0560 LET N(I,J)=-9999 
0570 	NEXT J 
0580 NEXT I 
0590 	FOR J=J1 TO N1-P-1+J1 
0600 IF M(J,1)=-9999 THEN GOTO 0010 
0610 	LET N2=I1 
0620 IF P THEN LET N2=J+1 
0630 	FOR I=N2 TO Ii+NO-i 
0640 IF M(I,1)=-9999 THEN GOTO 0800 
0650 	PRINT I;J, 
0660 LET D=0 
0670 	LET S00 !sum xi 
0680 LET 81=0 sun xj 
0690 	LET S20 !sum xi2 
0700 LET S30 !sum xJ2 
0710 	LET S4=0 surn xixJ 
0720 FOR k=1 TO 37 
0730 	 IF M(I,K)=-9999 THEN 6010 0760 
0740 IF H=0 THEN LET D=tI+(M(I,N)-M(J,K))12 
0750 	 IF H THEN 609UB 1260 
0760 NEXT K 
0770 	IF H THEN GOSUB 1320 
0780 IF H=0 THEN LET N(I-I1+1,J-J1+1)=INT((SOR(D/37)+..005)*100) 
0790 	PRINT N(I-I1+1,J-J1+1) 
0000 NEXT I 
0810 	NEXT J 
0020 IF X0 THEN GOSUB 1370 
0830 	IF P0 THEN 6010 1220 
0840 LET S=1E+06 
0850 	IF H THEN LET 9=-i 
0860 FOR J1 TO Ni--P 
0870 	IF F, THEN LET N2=J+1 
0080 FOR I=N2 TO NO 
0890 	IF N( I , J )=-9999 THEN GOTO 095() 
0900 IF H=O THEN IF N( I,J>=S THEN GOTO 0950 
0910 	IF H THEN IF N( I ,J )(S THEN GOTO 0950 
0920 LET 10=1 
0930 	LET J0=J 
0940 LET S---- N( I, J) 
0950 	NEXT I 
0960 NEXT J 
0970 	PRINT FILE (0),I0,J0,S 
0900 LET io=io+ii-:i 
0990 	LET J0=J0+Ji-i 
CLLJTER2c cm t 
1010 	LET M(I0,J)=(M(I0,J)+M(JO,J))/2 
1020 LET P1(J0,J)=-9999 
1030 	NEXT J 
1040 LET X=0 
1050 	FOR 111 TO I1+N0-1 
1060 IF M(I,1)>-9999 THEN LET X=X+i 
1070 	NEXT : 
1080 PRINT X 
1090 	IF X>1 THEN GOTO 0490 
1100 CLOSE FILE (0) 
1110 	OPEN FILE (0,3),'OrdCoeff" 
3.120 OPEN FILE (1,1),'$LPT' 
1130 	LET E=0 
1140 PRINT FILE (1),'<13><27><RelQtive order of segment similarities for';O$;4'27)=<13:1 
1150. PRINT FILE (1 ), 'segment I 	segment J 	coefficient' 
1.160 	PRINT FILE  
1170 INPUT FILE (0),S$ 
1180 	IF EOF(0) THEN DOTO 1210 
1190 PRINT FILE (1),S$ 
1.200 	GOTO 1170 
1210 PRINT FILE (1),'<13:>;sYS1 );/';SYS(2>;'/;SYS(3)-1900 
1220 	CLOSE 
1230 NEXT 6 
1240 PRINT 'Restart by <30).tI RUN <30>E<7>' 
1230 STOP 
1260 LET S0=S0+M(I,K) 
1270 LET S1=S1+M(J,N) 
1.280 LET S2=S2+M(I,I<)*M(I,K> 
1290 LET S3=S3+M(J,K)*M(J,k) 
1300 LET S4S4+M(I,K)*M(J,K) 
3.310 RETURN 
1.320 LET R=( S4-S0*Si/37 )/SQR( (S2-S0S0/37 )*( S3-S1*S1/37)> 
1330 IF R>0 THEN LET R=R+.0005 
1340 IF R<O THEN LET R=R-.0005 
1350 LET N( I-I1+1,J-J1+1 )=INT(R*1000)/1000 
1.360 RETURN 
1370 OPEN FILE (1,1),'$LFT" 
1380 TB =6 
1390 PRINT FILE ( 1 ), '<l3::<27::.<tjstrce coefficient down '•;O$; '<27>=' 
1400 PRINT FILE (1),, 
1410 FOR 1=1 TO Ni 
1420 	PRINT FILE (1),STR%(I), 
1.430 NEXT I 
1440 PRINT FILE (1) 
1.450 FOR 1=1 TO N1.+1. 
1460 	PRINT FILE (1 
1.470 NEXT I 
1480 PRINT FILE (1) 
1.490 FOR 1=1 TO NO 
CLLJSTER2C:c)ri 
1510 	IF 1>9 THEN LET I$=I$(2) 
1520 PRINT FILE (1),I$;' l, 
1530 	FOR J=i TO N:L 
1540 IF N(I,J)>=0 THEN PRINT FILE (1),STR$(N(I,J)), 
1550 	IF N(I,J)<0 THEN PRINT FILE (1), 	, 
1560 NEXT J 
1570 	PRINT FILE (1) 
1580 NEXT I 
1581 IF P0 THEN PRINT FILE (1), TAB( 60);'<27><core ;0$(4,5); 	cros pge<27>=' 
1582 IF P0 THEN PRINT FILE (1), TAB(60);'::27><cor.e ;0$(1,2);' down pge<27)= 
1590 PRINT FILE (1 ),'< 1 3><13>';sYs(1);'/';gys(2);/ . ;gys(3)_19oo 
1600 CLOSE FILE (1) 
1610 TAB =14 
1620 RETURN 
1630 DATA '1141401O1',139-391919,'o39_i419o1•,o45_1437o1•,.o45_393719.145.453737. 
dated: 14 / 10 / 1985 
TABLE E. 3. "KIfICPJJJf" and "PLOrDATA" 
computer programs for reaction order fit 
to data of Kinetic Rate experiments. 
KINET]:CPLOT 
0010 !KINETICPLOT 
0020 tII4 A(100,3) !limited to 100 data pairs 
0030 DIM H$(132),M$(132),L(3),(J$(80),U(3),V(3) 
0040 PRINT 8 <12><13><30>ti This program takes data pairs and carries out least squares correlation" 
0050 PRINT 'to fit 1st, 2nd, 3rd order kinetics and part-order tests over selected" 
0060 PRINT 'x-axis ranges for plots<30>E<13>" 
0070 OPEN FILE (0,2),'2hplotted" 
0080 GPOS FILE (0),L 
0090 CLOSE 
0100 IF L=0 THEN GOTO 0160 
0110 PRINT 'There are';L;" bytes on file waiting to be plotted" 
0120 INPUT "Do you wish to DELETE these ?<7: ",O$ 
0130 IF OWN' THEN 0010 0160 
0140 IF 0$<>"Y' THEN GOTO 0120 
0150 DELETE '2BPLOTTED' 
0160 LREAD 'Enter title of graph (must have determiruarid name and conditions )<13)? ",H$ 
0170 ON ERR THEN RETRY 
0180 PRINT 'Enter units for x-axis (time)-.' 
0190 INPUT '0 for secs, 1 for nuns, 2 for hrs, 3 for days ? ",O 
0200 IF 00ABS(INT(0)) THEN GOTO 0190 
0210 IF 0>3 THEN GOTO 0190 
0220 IF 0=0 THEN LET X1=1 
0230 IF 0=1 THEN LET X1=-166667E-02 
0240 IF 0=2 THEN LET X1=2.77778E-04 
0250 IF 0=3 THEN LET X1=115741E-05 
0260 PRINT "Enter units for y-axis (concentration): * 
0270 INPUT '0 for mM/l, 1 for Mg/1 ? ',Yi 
0280 IF yi<:>o THEN IF Y1<::•1 THEN 6010 0270 
0290 IF Vi THEN INPUT "Enter M.W. ? ",Y1 
0300 IF Yl THEN IF Y1(10 THEN GOTO 0260 
0310 IF Y1>100 THEN GOTO 0260 
0320 ON ERR THEN STOP 
0330 IF 00 THEN LET X$'s' 
0340 IF 0=1 THEN LET X$"rninu" 
0350 IF 0=2 THEN LET X$"hr' 
0360 IF 0=3 THEN LET X$"day" 
0370 IF Y10 THEN LET Y$"mM" 
0380 IF 11 THEN LET Y$"nig/i' 
0390 PRINT "<13>t'ata will he considered for fit over up to 3 hands for independent variable (X)' 
0400 GOSUB 1800 
0410 PRINT 'for example 0,100,5 will give a lower limit of 0 arid an upper limit of 500" 
0420 PRINT '(e.g. 0-1 hr, 0-50() hr, 1-500 hr)" 
0430 LET P=3 
0440 FOR 1=1 10 3 
0450 	PRINT "BAND ";I; 
0460 INPUT ' 	Enter lower' limit, iriter'va]. , no intervals ( 0,00 to finish )'(13:::.? 	,L( I ),U( I ),V(I)  0470 	IF L( I) THEN IF U( I )=0 THEN GOTO 0720 
0480 IF L( I) THEN IF V(I)=O THEN GOTO 0720 
0490 	IF V( I) THEN IF ABS( INT( V( I )-3 ) ><1:V( I )- TNFJ fflTn n' 
I]:NET]:cpI_oTc:c)I-. t 
0510 	IF V(I)=0 THEN LET P=I-:L 
0520 IF V(I)=O THEN LET I3 
0530 	LET U( I )=U( I )*V( I )+L( I). 
0540 NEXT I 
0550 FOR 1=1 TO 100 
0560 	INPUT 'Enter data in pairs (X,Y) (0,0 to finish) ? 
0570 IF A(I,1)=0 THEN IF A(I,2)=0 THEN LET N=I-1 
0590 	IF A(I,1)=0 THEN IF A(I,2)=0 THEN LET 1=100 
0590 NEXT I 
0600 PRINT 'CHECK DATA:-<13>PAIR NO.'; TAB(20);'X; TAB(40);'y' 
0610 FOR 1=1 TO N 
0620 	PRINT I; TAB(20);A(I,1); TAB(40);A( 1,2) 
0630 NEXT I 
0640 INPUT 'IS DATA CORRECT 7 ,O$ 
0650 IF O$="Y' THEN 6010 0740 
0660 IF O$=' THEN 6010 0740 
0670 IF 0$<>'N" THEN GOTO 0640 
0680 INPUT 'ENTER PAIR NO,X,Y TO CORRECT 7 ',I,X,Y 
0690 LET A(I,1)=X 
0700 LET A(I,2)=Y 
0710 GOTO 0600 
0720 PRINT "INCORRECT ENTRY' 
0730 GOTO 0450 
6740 FOR K0 TO 4 order 
0750 	FOR 11 TO N 
0760 IF K=0 THEN LET A(I,3)=A(I,2) 
0770 	IF K1: THEN LET A(I,3)=LO6(A(I,2)) 	log base e 	 - - 
0760 IF N=2 THEN LET A(I,3)=1/A(I,2) 
0790 	IF K3 THEN LET 
0000 IF K=4 THEN IF I::•i THEN LET 
0810 	NEXT I 
0820 FOR J1 TO P !band 
0030 	LET L=--:L 
0840 LET U=-1 
0850 	FOR 1=1 TO N 
0860 IF L=-J. THEN IF VAL( STR$( A( 1,1 )) )::-=VAL( STR$( L( J))) THEN LET LI 
0870 	IF U1. THEN IF VAL( STR$( A( 1,1)) )VAL( STR$( U( J))) THEN LET UI 
0080 IF U=-1 THEN IF VAL ( STR$(AI,in):: .VAL(STR$(u(J))) THEN LET U=I-i 
0890 	NEXT :1: 
0900 IF U=1 THEN LET U=N 
0910 	LET X=0 
0920 LET Y=0 
0930 	FOR 1=1. TO U 
0940 LET X=x+A]:,1 
0950 	LET Y=Y+ALI,3 
0960 NEXT I 
0970 	LET XX/( U-L+i ) 	Ilicaru x 
0980 LET Y=Y/( U-L+i. ) neat 
0990 	LET A=0 
1000 L1T B() 
I'(]:NIErxcpLc)Tc:c,i-, 
1010 	LET ti=0 	 . 
1.020 LET E=0 
1030 	LET F=0 
1040 LET Z1A(1,3) 
1050 	LET Z2=Z:L 
1.060 FOR IL TO U 
1070 	LET A=A+(A(I,1)-X)2 	 <X2 
1080 LET B=B+( A( 1,1. )--X )*( A( 1,3 )-Y) ! 	<XV 
1.090 	LET t'=tI+( A( 1,3 )-Y )12 ! 	 <Y+2 
1100 LET EE+A(I,1) 
1110 	LET F=F+A(I,3) ! 
1120 IF A(1,3)-(Z1 THEN LET Z1=A(I,3) 
1130 	IF A(I,3:>z2 THEN LET Z2=A(I,3) 
1140 NEXT I 
1.150 	LET M-B/A 
1160 LET C( A*F-E*B )/( ( IJ-L+1 )*A) 
1.170 	LET RB/SQR(A*D) 
1180 IF N THEN IF R<.95 THEN PRINT 'For birid';J;' order';K;' corrcoeff.=';R;' & is not being plotted' 
1190 	IF N THEN IF R ,"..95 THEN GOTO 1630 
1.200 OPEN FILE (0,2),'2BPLOTTEtI' 
1210 	PRINT FILE  
1.220 IF N=0 THEN PRINT FILE (0),!r'epletion study' 
1230 	IF K=0 THEN LET O$=' 
1,240 IF N=4 THEN LET O$=" 
1250 	IF K1 THEN LET O$'First' 
1.260 IF N2 THEN LET O$'Secorid' 	 . •. 
1270 	IF N3 THEN LET O$'Third' 
1.280 IF N4 THEN PRINT FILE (0),'!Kinuetic fitafter- Wilkinson' 
1290 	IF N THEN IF K(4 THEN PRINT FILE (0) ,' ! Fit for ';O$;' Order Kinetics' ! vi.t1.lj inipor-trut riot to -Kilter 0$ statements, 
1.300 IF K=0 THEN LET IJ$=Y$ 
1310 	IF N1 THEN LET U$'lri( ',Y$,' )' 
1.320 IF K=2 THEN LET U$='l/( ',Y$,' )' 
1330 	IF K3 THEN LET U$='l/(',Y$,' )**2" 
1.340 IF K4 THEN LET U$X$, °/( i-froctreocted)' 
1350 	LET N0=MX:L 
1.360 IF N1 THEN IF Vi THEN LET K0=K0/LOG(yj.) 
1.370 	IF K2 THEN IF Yl THEN LET K0=N0*V:L 
1.360 IF IK=3 THEN IF Vi THEN LET K0=K0*Y1y1 
1390 	PRINT FILE (0),X$; 1 ,';U$ 
1.400 PRINT FILE (0 ),STR$( L( J ) ); , ';STR$( ( U( J )-L( J ) )/V( J )); ' 	;STR$(V( J 
1410 	PRINT '.:1 2 13 -./301I For ' ;H$; '<13:::.<3o>E' ;0$ 
1.420 PRINT 'For y-axis r-ruge is';Zi;' to';Z2 
1430 	GOSUB 180() 
1.440 INPUT 'Enter lower- limit, iriter-v1 , no. i rite rvis ? ' ,Z3 ,Z4,75 
1450 	IF Zi<73 THEN GOTO 183() 
1.460 IF z2::-z34-z4iz5 THEN GOTC) '1830 	 . 
1470 	LET 0=70/( Z4*Z5) 
1.480 PRINT . TAB( 5);'I"; T48( INT( Q( Zi-Z3 )+5) >; '-(30::-ti dta range' ; TAB( INT( WK( Z2-Z3 )+5 ) ); '<30::•E' ; TAB( 75);'!' 1490 	PRINT TB( 5 ):73: 	70 7747' 
KINETIc:PLC)Tc:c:,r, t. 
1510 	IF O$=N THEN GOTO 1440 
1520 IF O$<>'Y' THEN IF O$<>'' THEN GOTO 1500 
1530 	PRINT FILE (0),STR$(Z3);' ,';STR$(Z4 );':';STR$(ZS) 
1540 FOR I=L TO U 
1550 	IF 1=1 THEN IF K=4 THEN GOTO 1570 
1560 PRINT FILE (0),STR$(A(I,1));',';STR$(A(I,3)) 
1570 	NEXT I 
1580 PRINT FILE (0),'-1,-1' 
1590 	IF K THEN LET M$='C',STR$(C),'M',STR$(M)PR',STR$(R),UKI,STR$(NO) 
1600 IF K THEN PRINT FILE ( 0 ),M$;'I";STR$(A(1,2));'J';STR$(x1);uL';sTR$(yl) 
1610 	IF K=0 THEN PRINT FILE (0),'' 
1620 CLOSE FILE (0) 
1630 	NEXT J 
1640 NEXT K 
1650 CLOSE 
1660 INPUT 'More data ? ',Y$ 
1670 IF Y$='Y' THEN GOTO 0160 
1680 IF Y$<>'N' THEN 3OTO 1660 
1.690 INPUT 'Enter DELETE to delete bock up copy of data to be plottted ? ,Y$ 
1700 LET 1=2 
1710 IF Y$='DELETE' THEN LET 1=1 
1720 OPEN FILE (0,3), 1 2BFLOTTED" 
1730 OPEN FILE (1,I),FULLPLOTCY' 
1740 LREAB FILE (0),H$ 
1750 IF EOF(0) THEN GOTO 1760 
1760 PRINT FILE (1),H 
1770 GOTO 1740 
1780 CLOSE 
1.790 CHAIN 'FLOTOUT' 
1.800 PRINT 'You will need to enter lower limit and sensible interval bearing in find that" 
1810 PRINT 'between 3 and 5 intervals may be included on the plot 
1820 RETURN 
1,830 PRINT '<7)Rarige will rot fit within the graph' 
1840 GOTO 1440 
doted: 14 / 10 / 1985 
PLOTDATA 
0010 !PLOTOUT FOR KINETICS PLOTS, 
0020 DIM 
0030 6010 1130 
0040 OPEN FILE (2,3),2BPLOTrEtl' 
0050 LREAD FILE (2),11' 
0060 IF EOF(2) THEN 0010 1160 
0070 OPEN FILE (1,1),'QTY3' 
0080 LET A$;: I Ott 100 H' 
0090 GOSUB 1180 
0100 LET A$='R 400,500 0 A' 
0110 GOSUB 1180 
0120 LREAD FILE (2),0$ 
0130 LREAD FILE (2),U$ 
0140 LREAD FILE (2),X0$ 
0150 LREAL' FILE (2),Y0$ 
0160 LET XVAL(X0$) 'lower unit x QXiS 
0170 LET X1VAL(X0$(POS(X0$,',,2)+1)) !iruterva]. > axis 
0180° LET X6VAL(X0$(POS(X0$,u',2)+l)) !no. of intervals 
0190 LET XOINT( 2100/X6) 	size of interval in lmrn 
0200 LET Y=VAL( Y0$) 
0210 LET Y1=VAL(Y0$(POSyO$,',',2)+1)) 
0220 LET Y6=VAL(Y0$(POSy0$,'',2)+1)) 
0230 LET Y0=INT(1400/Y6) 
0240 LET A$='D" 
0250 GOSUB 1180 
0260 FOR I=Y0 TO Y0*Y6 STEP Y0 
0270 	LET A$='O,',STR$(I),' Mu' 
0280 IF 1Y0*Y6 THEN LET A$sA$,' U" 
0290 	GOSUB 1180 
0300 NEXT I 
0310 LET A$='200,1510 512 ',H$(2),' 	200,1450' 
0320 GOSUB 1180 
0330 LET A$'912 ,O%(2),' 
0340 GOSUB 1180 
0350 FOR I=Y0*Y6 TO 0 STEP --YO 
0360 	LET Y2=Y+I*Yu/Y() 
0370 LET L=LEN(STR$(y2)) 
0380 	LIT A$STR$(INT L25 -40,',',STR$(I..-20). 512 ',STR$(Y2)," 
0390 GOSUB 1180 
0400 	IF I=3*Y0 THEN GOSUB 151.0 
0410 NEXT I 
0420 LET A$='O,O tt' 
0430 GOSUB 1180 
0440 FOR I=X0 TO X0X6 STEP X0 
0450 	LET A$=STR$(I),',O MU" 
0460 IF I=X0X6 THEN LET A$=$, 1J° 
0470 	GOSUB 11O() 
0480 NEXT I 
0490 LET A$'1750,--120 S12 DATED: ,STR$(SYS(1)),/.,STR$(SYS(9))/.STR$(SYS(3)l9OO), 
/\Itt\fl tne,ln II O/\ 
P1 0TDATAcmrolt,  
0510 FOR 1X0*X6 TO 0 STEP -X0 
0520 LET X2=X#I*X1/xo 
0530 LET L=LEN( STR$( X2)) . 
0540 LET A$STR$(I-L*12),,-60 S12 	•,STR$(X2),u 
S 
U . 
0550 GOSUB 1180 
0560 IF I=3*X0 THEN GOSUB 1560 
0570 NEXT 
0580 LREALI FILE 	(2),U$ 
0590 IF U$=-1,--1' 	THEN GOTO 0670 
0600 LET X3=INT( ( VAL( Us )-X )*X0/Xl) 
0610 LET Y3=INT((VAL( Us( POS(U$, U , U ,1)+))_y)y,iy) 
0620 LET U$=STR$(X3),,I,STR$(Y3) 
0630 LET A$=U$, 	ti M11 
0640 IF 0$(2,2)<. 'Ell 	THEN LET A$=A$,U UU 
0650 GOSUB 1180 
0660 GOTO 0580 
0670 LET T$=* 
0680 LET 115='" 
0690 LREAB FILE (2),U$ 
0700 IF U$='*' THEN GOTO 0950 
0710 LET T1$'S12 s 	R 0,30 912 -1 A - 
0720 IF 0$(10,10).'F" 	THEN LET 	TS=T1$ 
0730 IF 0$(10,10)='S' 	THEN GOSUB 1210 
0740 IF 0$(10,10)="T THEN GOSUB 1220 
0750 LET J=80 
0760 IF O$(10,10)='F' 	THEN LET 	J1200 
0770 IF 0$(10,10)='F' 	THEN LET I=-1 
0780 LET C=VAL( U$( 2>) 
0790 LET M=VAL(U$(POS(U$,'M',l)+l)) 
0800 LET R=VAL( Us( POS( Us, "R,l)+l)) 
0810 LET NO=VAL( Us( POS( Us, 'K',l)+l) 
0820 LET A$='P2" 
0830 GOSUB 1180 
0840 GOSUB 1250 
0850 IF 0$(2,2)='K' 	THEN GOSUB 1390 
0860 GOSUB 1230 
0870 LET AS 	1200,',STR$(J)," 	S12 Rate Constant (k) 	",STR$(KO), - 
0880 GOSUB 1180 
0890 IF 0$(10,1.0)='F' 	THEN GOTO 0920 
0900 LET A$=T1 
0910 GOSUB 1180 
0920 LET AS 1100,",STR$(J+70)," 612 Correlation Coeff.(r) ',STR$r,° 
0930 GOSUB 1180 
0940 GOTO 0970 
0950 LET A$='U" 
0960 GOSUB 1180 
0970 LET A$='PO Z 8" 
0980 GOSUB 1100 
0990 CLOSE FILE (1) 
1.000 GPOS FILE (2),L 
PL0TDATA 
1010 OPEN FILE (0,1),NEXTPLOT' - 	 .- 
1020 SPOS FILE (2),L 
1030 LREAD FILE (2),H$ 
1040 IF EOF(2) THEN 0010 1070 
1050 PRINT FILE (0),H 
1060 6010 1030 
1070 CLOSE 
1.080 ON ERR THEN 0010 1100 
1090 DELETE 0 2BFLOTTED.CY 
1.100 ON ERR THEN STOP 
1110 RENAME 2 2BFL0TTED,2BPLOTTEtLCY 
1120 RENAME 'NEXTPLOT 	, '2BPLOTTEt' 
1130 INPUT 'TYPE OK IF PLOTTER SET READY TO START ? 	,O$ 
1.140 IF O$<>'OK' THEN STOP 
1150 6010 0040 
1160 CLOSE 
1170 STOP 
1180 PRINT FILE (1),A$ 
1190 INPUT FILE 	(1),Z$ 
1 . 200 RETURN 
1210 LET 1=1 
1220 IF 0$(10,10)=T' 	THEN LET 	I2 
1230 LET T$'S12 M 	R 0,30 612 - ',STR$(I), 0,-30 A 
1240 RETURN 
1250 LET I0=M*X+C 
1260 LET 11M*(X+X1*X6)+C 
1270 LET I2(YC)/M 
1.280 LET .I3(Y.-C+Y1*Y6)/M ... 
1290 LET O$=" 
1300 IF I0)Y THEN IF I0<Y+Y1*Y6 THEN LET O$='!O,,STR$(INT((IO-y)*yO/yj)) 
1310 IF I1>Y THENIF I1cY+Y1*Y6 THEN LET 0$=O$,U!,STR$(X0*X6),I,,61R$(INT((I1_Y)YO,Yl))  
1320 IF 12>X THEN IF 12<X+X1*X6 THEN LET 0$=O$,1,STR$(INT((I2-X)*X0/X1))PO 
1330 IF 13>X THEN IF I3<X+X1X6 THEN LET 0$O$,'!,STR$(INT((I3-X)XO/X1)),,ISTR$(YO*Y6) 
1340 IF O$=' 	THEN STOP 
1350 LET P=POS(O$,i,3) 
1360 LET 	A$O$(2,P1), 	LI 	°,O$( P+1 
1370 GOSUB 1180 
1.380 RETURN 
1390 LET K1=INT(2*M*iOQ),'lOO 
1400 LET AS1390,10 	S12 	OrdeT 	',STR$(Kl)," 
1.410 GOSUB 1180 
1420 LET C0VAL( Us( POS( Us, 	I1) ~ 1)) 
1430 LET X7=VAL( U$( POS( U$, " J" • 1 )+i )) 
3.440 LET Y7=VAL( Us( POS( Us, 	L,i)4-1)) 
1.450 LET NO=/(, 
1 . 460 LET K0=K0/C01(K1.._1) 
1,470 LET K0=K0X7Y7.( K i-i) 
1.480 LET 	I=K1--l. 
1490 LET J=90 
1500 RETURN 
PLOTOA *TA c: cm L-. 
1.510 LET A$=-160,,STR$2*Y0+20y 1i 
1520 GOSUB 1180 
1530 LET A$=S42 ,U$(PoS(U$,,,1)+1),' - 
1.540 GOSUB 118() 
1550 RETURN 
1560 LET A$=STR$(X0*2.25),',-120 S12• ',U$(l,POS(U$,'-,,l)-l), 
1570 GOSUB 1180 
1.580 RETURN 
dated: 14 / 10 / 1985 
TABLE E.4. "WATDEPOSIT" and "ITERATE" 
computer programs forming the model 
WATDEPOSIT as used for calculating the 
speciation of determiriands generated 
by the mixing of inlets and including 
equilibrium deposition of mineral phases. 
I 
pacie 278 	 ?DP1?11flTV 
W A T D E PC) S I T 
0010 tWATDEPOSIT 	 - 
0020 DIM L$(20),H$(20),M$(20),0$(65) 
0030 PRINT '<12><13><30>t1 Press ESC to reconsider. input <30)•E 
0040 ON ESC THEN GOTO 6960 
vvv 	 \13WMILItUiI. This program takes total dissolved deternjrarid results from two' 
0060 PRINT 'stations discharging into a water body and identifies speciation of those' 
0070 PRINT •determinands in each constituent water and the mixed body. It also indicates' 
0000 PRINT- 'which minerals can be formed arid will quantify these. It then generates a" 
0090 PRINT 'post-deposition speciatiori<13)' 
0100 PRINT 'Enter title of statiori'with lowest flow' 
0110 PRINT TAB( 20);']<13:><23)'; 
0120 LREAtI 'C',L% 
0130 OPEN FILE (0,1),'Mixtitles,66 
0140 PRINT FILE (0),L$ 
0150 PRINT 'Enter title of other station' 
0160 PRINT TAB( 20);' ]<13><23>'; 
0170 LREAD •(',H$ 
0180 PRINT FILE (0),H$ 
0190 PRINT 'Enter title of mixed water body' 
0200 PRINT TAB( 55 LEN(L$)LEN(H$));']<13>< 93>; 
0210 LREAD.E',M$ 
0220 PRINT '<13>Now enter flow data :<13>--------------- 
0230 PRINT 'FOR SINGLE FLOW RATIO. When asked enter lower flow <34:>,<34> higher flow <34)-,0•(34>.." 
0240 PRINT 'FOR SEVERAL FLOW RATIOS. Enter in one or more groups. Each group of ratios' 
0250 PRINT • should start at •a minimum ratio and proceed via a regular interval to a" 
0260 PRINT ' maximum ratio. The lower-flow-water is taken as unity. For instance 
0270 PRINT 	10,50,5 will investigate 1:10,1:15,etc to 1:50 ratios of ';L$;' to ';H$;'. Finish with 0,0,0' 
0275 PRINT ' ?miri.?max.?jrit.<13> 
0280 LET O$'  
0290 INPUT L,H,V 
0300 IF L THEN IF V=0 THEN GOTO 0360 
0310 IF L=0 THEN GOTO 0370 
0320 FOR 1L TO H STEP V 
0330 	PRINT FILE (0),H$;' (1:';STR$(I);0 
0340 NEXT I 
0350 GOTO 0290 
0360 PRINT FILE (0),M$;' (';STR$(L);':';STR$(H);o$ 
0370 CLOSE 
0380 PRINT '<13::-Proposed headings are as follows - press ESC if riot correct" 
0385 PRINT 	 = = 	== ==== = = t_ 
0390 OPEN FILE (0,3),'Mjxtitles",66 
0400 LREAD FILE (0),0$ 
0410 IF EOF(0) THEN GOTO 0460 
0420 PRINT 0$ 
0430 DELAY =1 
0440 GOTO 0400 
0450 ON ESC THEN STOP 
0460 CLOSE 
0470 INPUT '<13:><.7::.E rite r<3o::.rl temperature 	<30)•Eof mixed water body C 	? ',T 
0480 ON ESC THEN GOTO 0450 
WATDEPC)$]:Tc:c)r, 
0490 INPUT 'Eriter<30>ti dissolved oxygen <30>Eof mixed wter body mg/i 0 ? ,O 
0495 LET 0=0/32000 
0496 LET T1=T+273..2 
0497 LET A9 =. 48863+T*7.48*10j -4+T*T*3.85*10-6-- ID_H equation det A 
0498 LET B9.32415+T*1..65*101-4+T*T*2*10+-7 !ll-H B 
0510 - OPEN FILE (0,1),'Cor,strgts' 
0515 WRITE FILE (0),T,O,A9,B9 
0520 PRINT <13:>Now enter analysis of ;L$ 
0530 GOSUB 7000 
0540 PRINT Now enter analysis of ;H$ 
0550 GOSUB 7000 
0600 DIM K(77),K2(77),K3(40) 
0610 RESTORE 0620 
0620 DATA 8 , 9 , 19 , 22,26,27,28,29,30,31,33,36,40,41 ,42,43,45,46,47,48,49,5o,51 ,53,54,55,56,57,58 ,59,60 
0630 DATA 61,63,65,66,73,74,75,76 
0640 MAT READ 11(39) 
0650 DATA 6 , 20 , 21 , 23 ,24,25,32,35,37,38,44,62,64,68,77 





0710 DATA 32 . 82 , 90 . 61 , 4 2.43p37.82,-32.67,18.48,17.97,40.31,45 
0720 MAT READ K1(78) 
0730. DATA 
0740 DATA 28.565,32.995, .56,1.15,1.75,4.832,O,12.1,O,33.457,13.345,65.44,.57.435,_187O55_2959.3769616c? 
0750 DATA 	 - - 
0760 DATA 
0770 MAT READ H1(78) 
0780 DATA 
0790 MAT READ A1(15) 
0000 DATA .O 2379 ,.O56 l7,.O1333,5.1295E-03,.00667,-.011056,0183412E.09 
0810 DATA - . 016346 , - . 065927, - .012079, - .02386,_.001225,.032786,.015964 
0820 MAT READ A2(15) 
0830 DATA 2902 . 39 , 4114 , 0 , 0 , 0 , 0 ,_673 .6,557.25,_3405.9,_12355.1,1573.21,.3279 -2835 76 3404 71 2385 73 
0840 MAT READ A3(15) 
0850 FOR 11 TO 39 
0860 	LET K2(I1(I))=K1(I)+Hi(I)*(25-T)/(T1*1.36424) 
0870 IF 11(1 )(:>76 THEN LET K( 11(1) )=101'( -K2( 11( U 
0880 NEXT I 
0890 FOR 1=1 TO 15 
0900 	LET t2( 12( I ) )=-A1( I )-A2( I )*T1-A3( I )/Ti 
0910 IF 1=6 THEN LET K 2(I 2(I))=K2(I2(I)) - 2.29812*101(-5)Ti*T1 
0920 	IF 111 THEN LET K2( 12( I ) )=K2( 12( I ) )+5.74306*LQO( Ti )+K2( 73) 
0930 LET N( 12( I ) )=10't'-K2( 12( I )) 
0940 NEXT I 
0950 FOR 1=1 TO 39 
0960 	LET N3(I+i)=K1.(I+39)+H1(I+39)(25-T)/(T11.36424) 
0970 NEXT I 
0980 LET K3( 1 )-13.543+.0401*Ti+3000/T1 
WATDEPOSITc:c,r,' t. 	 - 
0990 LET K3(17)4.6535-T*(.004545-000101*T) 
1000 LET K3(20)=K3(20)-K(73 
1010 LET K3( 24 )=K3( 24 )-6*K( 73 )-2*K( 45) 
1020 LET t<3( 36 )K3( 36 )-8*X( 73 )-2*K( 45) 
1030 LET K3( 37)t(3( 37 )-4*K( 73 )-2*t<( 45) 
1040 LET K3( 38 )=K3( 38 )-4*N( 73 )-2*K( 45) 
1050 LET 00/32000 
1055 RESTORE 1060 
1060 DATA 19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,35,58,59,60,61,68 
1070 MAT READ F(21) 
1.080 DATA 1 , 1 , 1 , 1 , 2 , 2 , 2 ,2,3,3,3,3,4,4,71,71,10,11,12,12,71 
1090 DATA 72,34,6,7,72,34,6,7,5,34,6,7,5,7,5,7,72,72,72,7,6 
1100 MAT READ 13(21,2) 
1110 DATA 2 , 2 , 1 , 1 , - 1, - 1, -2, - 1,0,2,2,1,-1,O,O,-1,O,1 ,1,0,1,0,1,0,1,O,o,-1,O,-1,O,--i ,0,-2,-1,0,-1 
1120 DATA -2,3,2,1,1 ,_l,l,3,2,O,2,l,1,1,2,1,1,O,_1,O,1,1,O,_1,_1,_2,O,_1,O,Q,O,O,O,1,_:L 
1.130 MAT READ C(72) 
1140 DATA 
1150 DATA 5.4,9,5.4,5.4,4.5,4.5,0,9,5,O,5,5.4,5.4,5,6,5,5,o,5,055053550500000935 
1160 MAT READ R(72) 
1.170 DATA l,l,l,l,O, 0 , 0 , 0 , 0 , 1 ,O, 1 ,1,1,1,2,1,1,.o,1,4,j.,1,2,1,11113295 2 3122 .6,17 
1180 DATA 1 , 1 , 1 , 1 , 0 , 0 , 0 , 0 , 0 , 1 , 0 , 2 ,3,0,o,1,j,1,o,1,1,3,3,6,1,6,199692999844 129 
1190 DATA 0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,1,0,0,0,1,3,0,0,0,3,1 ,3,3,2,4,2,2,3,4,4,2,2•,4,2..3,3..67 
1200 DATA 0,0,0,0 , 0 , 0 , 0 , 0 , 0 , 0 , 0 , 0 , 0 , 0 , 0 ,o,o,o,o,o,o,o,o,o,Q,3,o,3,o,o,o,o,o,o,o,o,1 , 1 ,35,2.33 
1210 MAT READ N1(40,4) 
1.220 DATA 34,34,1,34,0,0,0,0,0,34,0,2,39,14,14,34,1 ,34,0,52,34,45,39,45,3,4,4,4,1 ,2,8,8,2,8,34,52,62,45,4,1 
1230 DATA 1 , 1,7 , 2 , 0 , 0 , 0 , 0 ,O, 52 , 0 , 72 , 72,0,o,2,7,2,o,72,1,72,72,72,G,72871879 7' 71 72 71 72 72 72 79 71 71 
1240 DATA 0 , 0 , 0 , 0 , 0 , 0 , 0 , 0 , 0 ,0,0,0,0,0,0,1,0,0,0,62,2,0,0,0,14,8,14, 14,14,14, 14,14,14,14,2,45,45,62,8,14 
1250 DAT,A 0,0,0 , 0 , 0 , 0 , 0 , 0 , 0 , 0 , 0 , 0 , 0 , 0 ,Q,o,Q,.o,O,O,o,O,O,O,o,14,O,8000080005259 14, 
1260 MAT READ Si(40,4)  
1270 DATA .165,.2,.075,.015,.015,0,-.04 
1275 MAT READ 8(7) 
1280 DATA 1,2,3,4,1.2,13,16,17,18,21,23,35 !Base nuns taken in depnu order 
1285 MAT READ M(12) 
1286 DATA  
1287 MAT READ N0(12,2) !key dets for mirus,stojch no.  
1.290 MAT WRITE FILE (0),K,K3,P,13,C,R,N1,Si,B,M,NO 
1300 CLOSE 
1310 RESTORE 1320 
1320 DATA Co++ , Mg++ , 	, 	, C1 , "HCO3 , SO4-- , A1( OH)4- , Fe(OH)3,' , 	," , NO3- , H4SiO4 , 'H3BO3 
1330 DATA 
1340 DATA 
1350 DATA A1( SO4 )2-", "H2B03-" , "Fe+++" , "FeC1++ , "FeC13" , "FeOH++ , "Fe( OH )2+" , "Fe( OH )4-", "Fe904+" , "Fe++' , "FeC12+' 




1.400 DATA "chlorite", "pyr-ophllite" , hydrornigruesite" , "magnetite' , "pyrite' , "gr-eigite" , " illite" , "nuonitrnoril).oruite" 
1410 DATA "coic iun , n;igruesiun" , "sodium" , "potassium" , "chloride"  
1420 DATA • alkal iruit( asHCO3 ) , sulphate , " alunuinuium , jr-or, , " . 	, " , ri:i. trite" 
1430 DATA 	siiica' ,"bor-onu", 	, " , "animor -uio 11 
WATDEPOSITc:(:)I '. *. 
1440 OPEN FILE (0,1.),'SPECMINZ' 
1450 FOR 1=1 TO 130 
1460 	READ Oi 
1470 WRITE FILE (0),0$ 
1480 NEXT I 
1485 IF O$OUommor,i a e THEN STOP !error. 
1490 CLOSE 
1500 CHAIN ITERATED 
6960 CLOSE 
6.970 ON ESC THEN STOP 
6980 INPUT Type return to restort ? ,Oli 
6990 GOTO 0010 
7000 MAT Z=ZER(18) 
7010 PRINT • <13>Eruter result for dissolved determ i rlori dU 
7020 PRINT 0===== 
	 ===========<13).t 
7030 INPUT 'Enter <30>D pH 	 <30>E. 	 7 
7040 INPUT 	 <30)1' calcium 	<30>E mg/i Co 	? ',Z( 1) 
7050 INPUT 0 <30>1' magnesium <30)E mg/i Mg ? ',Z( 2) 
7060 INPUT 	 <30>11 sodium 	<30>E mg/i Na 	? ,Z( 3) 
7070 INPUT • <30>1' potassium 	4:30).E mg/i K ',Z(4) 
7080 INPUT 	 <30::ti aluminium <30>E mg/i Al 	7 ' ,Z( 8 
7090 INPUT • <30)D iron 	 <30:>E mg/i Fe 7 ,Z(9) 
7100 INPUT 	 <30)11 oikoliniit y <30>E mg/i CoCO3 ? • ,Z( 6) 
7110 INPUT • <30)11 chloride 	<30::•E mg/i Cl 	7 ,Z(5) 
7120 INPUT • 	<30>11 sulphate (30)E mg/i SO4 ? ',Z( 7) 
7130 INPUT • <3o:>D silico 	<30)E mg/1 Si02 7 • ,Z( 14) 
7140 INPUT • 	<30)11 boron •(30)E mg/i B 	? ',Z(15) 
7150 INPUT U <30:>D nuitrote ... 	<30>E mg/i N 7 ' ,Z( 13) 
7160 INPUT • 	<30>1 ommonio <30>E mg/i N 	? • ,Z( 18 
7170 INPUT •<13:  Enter <3011 Return <30>E if input is correct ? U  ,O$ 
7180 IF O$(>" THEN PRINT RE-ENTER THIS STATION' 
7190 IF O$<)-" THEN GOTO 7000 
7200 RESTORE 7210 
7210 DATA 400 O 0 , 24312 , 22990 ,39102,35453,5oo44,96o62,26981,558471j1j400 60085 1081111 ,14010 
7220 MAT READ M(18) 
7230 FOR J=1 TO 18 
7240 	IF M(J)1 THEN GOTO 7260 
7250 LET Z( J )=Z( J )/M( J) 
7260 NEXT J 
7265 WRITE FILE (0).H 
7270 MAT WRITE FILE (0),Z 
7280 RETURN 






0050 LIEF FNL( X )=..434294*LOG( X) 
0060 OPEN FILE (0,3),Constiu-its 
0070 READ FILE (0),T,O,A9,B9,H0 
0080 MAT REAL' FILE (0),D0(18) 
0090 REAL' FILE (0),Hi 
0100 MAT READ FILE 
0110 MAT REAL' FILE(0),Nl(4O),N2(40),N3(40),N4(40),5l(40),S2(40)63(40)54(4O)B(?)M(12)N(192) 
0170 IF N( 11,1 )<>8 THEN STOP !data error.  
0180 DIM A( 75 ),F( 72 ),S(4O),Sj(40),X(73),X1(73),Z( l8),L$(66),Ll$(66),h$(70),A$(13) 
0190 OPEN FILE (1,2),Mixtitles',66 
0200 GPOS FILE (1),P 
0210 LET P=P/66 
0220 CLOSE 




0270 	LET P9=SYS(5) 
0200 LET P8=SYS( 0) 
0290 	OPEN FILE (1,3),Mixtitles,66 
0300 LREAL' FILE (1,J0-1),L1 
0310 	ON JO THEN GOTO 3250, 3280 
0320 LET IOPOS(L1$,':,3)-f:L 	 -•.-- 
0330 	LET-FO=VAL(L1$POSL1$,'(,3)+l,IO)) 
0340 LET F1VAL(L1$(IO,POSL1$,. 	,IO) 
0350 	LET F=F0+F1 	 - 
0360 OPEN FILE (0,3),'Specie' 
0370 	MAT REAL' FILE (0),X,A 
0300 FOR J1 TO 72 
0390 	LET X( J )=( X( J )*F0+A( J )1F1 )/F 
0400 NEXT J 
0410 	GOSUB 4690 
0420 GOSUF4 4890 
0430 	FOR J=1 TO 18 
0440 LET Z( J )( DO( J )*F0+t'l( J )*F1 )/F 
0450 	NEXT J 
0460 MAT S0=ZER(40) 
0470 	MAT Z1=ZER(io) 
0480 CLOSE 
0490 	LET t'O=O 
0500 LET F00 ! 1 flag this min finished with 
0510 	LET F10 	0 fl-rig 1st time thru each min 
0520 LET F30 1 flag co-precjpitQ -tjoni occurs 
0530 	PRINT  
0540 FOR 10=0 TO 2 
0550 	LET 72=1 	0 flag all done this siiiip].e 
ITERATEc:c,r t 
0560 	IF F30 THEN IF Fl THEN IF 10=0 THEN GOTO 2280 




0610 	LET M$=PRE-DEPOSITION' 
0620 IF 10 THEN LET M$="MINERAL CODE ",STR$(M(FO)) 
0630 	IF F3 THEN LET M$='MINERAL CODES ",STR$(M(FO))," & ",STR$(M(I1))," CO-PRECIPITATION" 
0640 IF 10=1 THEN LET M$M$, 	OVER-DEPOSITION' 
0650 	IF 102 THEN LET M$M$,' POST-DEPOSITION" 
0660 IF J0(3 THEN LET M$=ISF.ECIATIONzONLY 
0670 	PRINT 1 <23::";Ms; 
0680 MAT A=ZER 
0690 	MAT X=ZER 
0700 FOR J=1 TO 72 
0710 	LET F(J)=1 
0720 NEXT J 
0730 	LET A1=999 
0740 FOR J1 TO 18 
0750 	LET X(J)=Z(J) 
0760 NEXT J 
0770 	LET A( 71 )101( -H) 
0780 LET X(71)=A(71) 
0790 	LET X(72)=N(73)/A(71) 
0800 LET X(73)1 
0010 	REM 1ST ESTOF HCO3 
0820 LET X( 6 )( Z(6)+X(71 )-X( 72 ) )/( 1+Z( 1)K( 21 )+Z( 2 )*K( 25 )+Z( 3 )*K( 29 )+2*( 1+Z( 1 )*K( 20 )+Z( 2 )*K( 24 )+Z( 3 )*K( 28) )/( K( 6 )*A( 71 ))) 
0830 	IF X(6)(0 THEN PRINT "ALKALINITY IS COMPUTED TO BE ";X(6);' MOLES - POSSIBLE PH OR ALK ERROR" -- 
0840 IF X( 6 )(0 THEN STOP 
0850 	LET M=0 
0860 IF .M>49 THEN PRINT "NOT CONVERGED AFTER 50 ITERATIONS" 
0870 	IF tl:>49 THEN STOP 
0880 PRINT TAB( 65);"IterQtiori";M 
0890 	PRINT TAB(60);"<23)"; 
0900 LET L=Z(6)*101-6 
0910 	REM CALC. I.S.&F(I) 
0920 GOSUB 4690 
0930 	REM CALC.A FOR H20 OH CO3 
0940 LET A( 72 )N( 73 )*A( 73 )/A(71. 
0950 	LET X(72)=A(72)/F(72) 
0960 LET AC 34 >A( 6 )/( K( 6 )*A( 71)) 
0970 	REM TEST FOR CONVERG. 
0900 LET A2=A:1 
0990 	LET A1X( 6 )+X( 20 )+X( 21 )+X( 24 )+X( 25 )+X( 20 )+X( 29 )+X( 34 )+X( 68) 
1000 IF ABS( A1-A2 )<L THEN GOTO 1860 
1010 	LET M=M+1 
1020 REM REtIOX 
1.030 	LET AC 66 )=F( 66 )O 
1.040 LET Eix:-FNL( K( 66) )-.5FNL( AC 73) )-H4-25iFNL( AC 66)) 
1050 	IF AC 7 ):::.O THEN LET CFNL( K( 74 ))+FNL( AC 7 ) )-1O*H-8*Ei-4FNL( A( 73) ) 
ITER ATE c:ct, 't 
1060 IF A(7):>0 THEN IF C>-75 THEN LET AC 17 )=10IC 
1070 IF A(17)>O THEN LET AC 17 )=Z( 17 )/( 1/F( 17 )+K( 62 )*( 1/F( 62 )+K( 63 )/( F( 63 )*A( 71 ) ) )/A( 71)) 
1080 LET AC 62 )K( 62 )*A( 17)/A( 71) 
1090 LET AC 63 )=K( 63 )*A( 62 )/A( 71) 
1100 REM S102 SPEC. 
1110 LET AC 14 )=Z( 14)/C 1/F( 14 )+( NC 37 )/F( 37 )+K( 38 )/F( 38) )/A( 71)) 
1.120 LET A(37)=K(37)*A(14)/A(71) 
1130 LET AC 38 )=K( 38 )*A( 14 )/( AC 71 )*A( 71)) 
1140 REM B SPEC. 
1150 LET AC 15 )=Z( 15 )/C 1/F( 15 )+N( 44)/C F( 44 )*A( 71))) 
1160 LET A(44)t<(44)*A(15)/A(71) 
1170 REM AL SPEC. 
1.180 LET C=A( 72 )*A( 72 )*( AC 72 )*A( 72 )*N( B)/F( 8 )+K( 40)/C F( 40 )*A( 7Z )-)+K( 41 )/F( 41)) 
1190 LET AC 39 )=Z( 8 )/C 1/F( 39 )+C+A( 7 )*( NC 42 )/F( 42 )+K( 43 )*A( 7 )/F( 43)>) 
1.200 LET C=A(39)*A(72) 
1210 LET AC 8 )=K( 8 )*C*A( 72 )+3 
1220 LET A(40)=K(40)*C 
1230 LET A(41)=K(41)*C*AC72 
1240 LET AC 42 )=K( 42 )*A( 39 )*A( 7) 
1250 LET AC 43 )=N( 43 )*A( 39 )*A( 7 )*A( 7) 
1260 REM FE SPEC. 
1270 LET E=101'C -El 
1280 LET A(74)=E 
1290 LET C=A(71)/A(73) 
1.300 LET 6=C*C 
1.310 LET YE/F( 52 )+N( 9 )/( F( 9 )*C*G) 
1.320 LET YY+K( 45 )/F( 45 )+K( 46 )*A( 5 )/F( 46 )+K( 47 )*A( S )+3/F( 47 )+N( 48 )/( F( 48 )*C )+K( 49)/C F( 49 )*G) 
1330 LET YY+K( 50 )/( F( 50 )*G*(3 )+K( 51 )*A( 7 )/F( 51 )+K( 53 )*A( 5 )*A( 5 )/F( 53 )+N( 54 )*E/( F( 54 )C) 
1340 LET YY+K( 55)*E/( F(55 )*6 )+N( 56 )i'E/( F( 56 )*G*AC 71>) 
1350 LET AC 52 )E'.Z( 9 )/( Y+N( 57 )E*4( 7 )/F( 57)) 
1360 IF E=0 THEN GOTO 3.470 
1370 LET Y=A( 52 )/E 
1.300 LET AC 9 )=N( 9 )Y/( C1G) 
1390 LET AC 45 )=K( 45 )1 
1.400 LET AC 46 )=N( 46 )*Y*A( 5) 
141.0 LET A( 47 )K( 47 )Y*( AC 5 )t'3) 
1420 LET AC 48 )=K( 48 )zY/C 
1430 LET A( 49 )=K( 49 )1Y/G 
1.440 LET AC 50 )=K( 50 )*Y/( CG) 
1450 LET AC 51 )N( Si )Y*A( 7) 
1.460 LET AC 53 )N( 53 )*YA( 5 )*A( 5) 
1470 LET AC 54 )=N( 54 )A( 52)/(' 
1.480 LET AC 55 )=N( 55 )*A(52 )/G 
1490 LET A( 56 )=K( 56 )*AC 52 >/( G*A( 71)) 
1.500 LET AC 57 )K( S7 )*A( 52 )/A( 7) 
1510 REM N SPEC. 	REL'OX EOUI. 	NOT ASSUMED 
1.520 IF Z( 18 ))0 	THEN 	LET 	AC 18 )=Z( 18 )/C I./F( 18 )+K( 64 )/( F( 64 )1A( 71) )+KC 65)/C F( 65 )A( 7)>) 
1.530 IF AC 18 )::o 	THEN 	LET 	AC 64 )=I( 64 )A( 18 )/A(71. 
1540 IF AC 1.8 )::0 	THEN 	LET 	AC 65 )=K(  65 )A( 18 )/A( 7> 
1550 REM *ALL OTHER 	ION--PAIRS 
IT ERA  T E C: C) ii t 
1560 	FOR J=1 TO 21 
1.570 LET A(P(J))K(P(J))*A(I1(J))*A( 12(J)) 
1580 	NEXT J 
1590 LET A( 36 )N( 36 )*A( 71 )*A( 71 )*A( 7) 
1600 	FOR J=8 TO 72 
1610 LET X(J)=A(J)/F(J) 
1620 	NEXT . J 
1.630 REM KEY SPEC. 
1640 	LET Y=19 
1650 FOR J=1 TO 3 
1660 	IF X(J)>0 THEN LET C=X(J) 
1670 IF X( J )>0 THEN LET X( J )=Z( J )/( 1+( X( Y )+X( Y+1 )+X( Y+2 )+X( Y+3) )/C) 
1600 	LET YY+4 
1.690 NEXT J 
1700 	IF X(4)>0 THEN LET C=X(4) 
1710 IF X( 4 )>0 THEN LET X( 4 )=Z( 4 )/( 1+(X(31 )+X( 32 ) )/C) 
1720 	IF X(5)>0 THEN LET C=X(5) 
1730 IF X( 5 )>0 THEN LET X( 5 )=Z( 5 )/( 1+( X( 27 )+X( 31 )+X( 33 )+X( 46 )+3*X( 47 )+2*X( 53) )/C) 
1740 	IF X(7)>0 THEN LET C=X(7) 
1750 IF X( 7 ))0 THEN LET X( 7 )Z( 7 )/( 1+( X( 22 )+X( 26 )+X(30)+X( 32 )+X( 35 )+X( 36 )+X( 42 )+2*X( 43 )+X( 51 )+X( 57 )+X( 61 )+X( 65) )/C) 
1760 	IF X(10)>O THEN LET C=X( 10) 
1.770 IF X( 10 ))0 THEN LET X( 10 )=Z( 10 )/( 1+X( 58 )/C) 
1780 	IF X(11)>O THEN LET C=X(11) 
1.790 IF XC 11 .0 THEN LET X( 11 )Z( 11 )/( 1+X( 59)/C) 
1800 	IF X(12))0 THEN LET CX(12) 
1810 IF X( 12 )>0 THEN LET X( 12 )=Z( 12)/C 1+( X( 60 )+X( 61) )/C) 
1820 	LET YX( 37 )+2*X( 38 )+X( 44 )+X( 40 )+2*X( 41 )+4*X( 8 )+X(62 )+2*X( 63 )+X( 64 )+X( 72 )+X( 19 )+X( 23 )+X( 56 )+X( 59 )+X( 60) 
1630 LET C=X(6) 	 .  
14 	LET X( 6 )( 2(6 )+X( 71 )+X(33 )+X( 35 )+2*X( 36 )-Y )/( 1+( X( 21 )+X( 25 )+X( 29 )+2*( X( 20 )+X( 24 )+X( ' 2(3 )+X( 34 )) )/CY 
1850 GOTO 0860 	 V 	 V 
1.860 	LET A(75)=1 
1670 LET P1=99.99 
1880 	LET C=0 
1890 LET 6=0 
1.900 	FOR J1 TO 72 
1910 IF CC J ):>o THEN LET C=C+C( J )*X( J) 
1920 	IF CC J )<0 THEN LET 6=0-C( J )*X( J) 
1930 NEXT J 
1940 	LET P2'FNL( K( 77 ) )-FNL( AC 68)) 
1950 LET E1=100*(C-G)/(C+(3) 
1.960 	PRINT" ,',13)'-Iteration complete"  
1970 IF Fl THEN GOTO 2030 
1980 	IF 110 THEN GOTO 2070 
1990 IF J0>2 THEN GOTO 2030 
2000 	OPEN FILE (0,J0),Specles" 
2010 MAT WRITE FILE (0),X 
2020 	GOTO 2060 
2030 OPEN FILE  
2040 	MAT WRITE FII.E (0),Z,X,F 




2070 LET F1=1 
2080 	FOR J=1 TO 40 
2090 LET S(J)=-99.99 
2100 	IF N1(J)=0 THEN GOTO 2210 
2110 IF A(S1(J))=0 THEN GOTO 2210 
2120 	IF N2(J) THEN IF A(S2(J))=0 THEN GOTO 2210 
2130 IF N3(J) THEN IF A(S3(J))=0 THEN GOTO 2210 
2140 	IF N4(J) THEN IF A(S4(J))=0 THEN GOTO 2210 
2150 LET S( J )=N1( J )*FNL( ( S1( J) ) )+K3( J) 
2160 	IF N2( J) THEN LET S( J )=S( J )+N2( J )*FNL( A( S2( J))) 
2170 IF N3( J) THEN LET S( J )=S( J )+N3( J )*FNL( A( S3( J))) 
2180 	IF N4( J) THEN LET S( J )=S( J )+N4( J )*FNL( A( S4( J))) 
2190 IF J=26 THEN IF S(26)>-99.99 THEN LET S(26)=S(26)+3*FNL(A(2)) 
2200 	IF J39 THEN IF S(39)>-99.99 THEN LET S(39)S(39)+.25FNL(A(2)) 




2250 	IF J0<3 THEN LET F2=0 
2260 IF J0(3 THEN GOTO 2.420 
2270 	IF FO THEN GOTO 2420 
2200 LET Ii 
2290 	LET C=0 	 - 
2300 LET X0 
2310 	LET L=-1 
2320 FOR J=1 TO 12 
2325 	IF J=11 THEN GOTO 2380 
2330 LET 6=M( J) 
2340 	IF S( 6 ):: .04 THEN LET L=K3( 6 )/( N1( 6 )+N2( 6 )+N3( 6)) 
2350 IF S0( 6) THEN IF S(G)-:.-.04 THEN LET X=J 
2360 	IF L>C THEN LET I=J 
2370 IF L)C THEN LET C=I- 
2380 	NEXT J 
2390 IF X THEN GOTO 5630 
2400 	IF S(M(I))<.04 THEN LET F20 	within 10% of full deposition 
2410 LET FO=I 
7420 
2430 
2440 !**PRINT OUT* 
2450 
2460 	ON ERR THEN GOTO 3310 
2470 OPEN FILE (0,3),$LPT 
2480 	ON ERR THEN STOP 
2490 OPEN FILE (1,3),Speciiiiriz" 
2500 	IF F20 THEN PRINT FILE (0), (27)( ;L1$; <13)•.::13:>SPECIATION <27)=<13:> 
2510 IF F20 THEN GOTO 2540 
2520 	PRINT FILE (o),<27:::.(;Lis;.::13::.SPECIES FOUND AFTER;M;" ITERATIONS 
2530 PRINT FILE (0),FOR ;M$;(27)" 
240 	PRINT FILE (0), 'SPECIES 	CONCENTRATION 	SPECIES 	CONCENTRATION SPECIES 	CONCENTRATION' 
ITER ATE c:cr-i It. 
2550 	LET W=0 
2560 FOR J=1 TO 72 
2570 	LREAD FILE (l),L$ 
2580 IF X(J)=0 THEN GOTO 2630 
2590 	LET W=W-fl 
2600 PRINT FILE (0), TAB(W*33-32);L$; TAW*33-20);X(J); 
2610 	IF W/3=INT(W/3) THEN PRINT FILE(0), 
2620 IF W/31NT(W/3) THEN LET W=0 
2630 	NEXT J 
2640 PRINT FILE (0),"<13::Tenip.c) 	';T 
2650 	LET L$="" 
2660 IF F2 THEN PRINT FILE (0),"<13><27><NEy MINERAL STATUS<27:>=' 
2670 	IF F2=0 THEN PRINT FILE (0<13><27><MINERALs FORMEE'<27:>= 
2680 PRINT FILE (0),"MINERAL"; TAB(19);"SAT.INErEX 	MOLES; TAB(48);"MINERAL"; TAB(66);'SATINDEX 	MOLES" 
2690 	LET 6=1 
2700 LET W=0 
2710 	FOR J1 TO 40 
2720 LREAD FILE (1),L$ 
2730 	IF L$" THEN GOTO 2830 
2740 LET A$=STR$(S0(J)) 
2750 	IF F2=0 THEN GOTO 5880 
2760 IF J<>M( 6) THEN GOTO 2830 
2770 	PRINT FILE (0), TAB(W*48);LS; 
2780 PRINT FILE (0), TAB(W*48+17);S(J); TAB(W*48+31);A$; 
2790 	LET W=W-fl 
2800 IF W2 THEN PRINT FILE (0), 
2810 	IF W=2 THEN LET W=() 
2820 IF 6<12 THEN LET 6=6+1 
2830 	NEXT J 
2840 PRINT FILE (0>, "<13::••(13:11-<27:>-(T0TAL DETERMINANtI CONCENTRATIONS <27::=" 
2850 	IF F2 THEN GOTO 5700 
2860 IF J0<3 THEN GOTO 5700 
2870 	PRINT FILE (0),"EIETERMINANt'"; TAB(22);"ORIGINAL 	FINAL 	 DETERMINANt'"; TAB(70);"ORIGINAL 	FINAL" 
2880 OPEN FILE (2,3),"Art1si5 
2890 	MAT READ FILE (2),Z1,X,F 
2900 READ FILE (2),T,O,A,B,C 
2910 	LET W=0 
2920 FOR J=1 TO 18 
2930 	LREAD FILE (1),L$ 
2940 IF L$='' THEN GOTO 2990 
2950 	PRINT FILE (0), TAB(W48);L$; TAB(W*48+21);Z1(J); TAB(W4e+34);Z(J); 
2960 LET w=w+:i. 
2970 	IF W=2 THEN PRINT FILE (0), 
2980 IF W=2 THEN LET W=O 
2990 	NEXT J 
3000 PRINT FILE (0), TAB(i.);"pH"; TAB(21);A; TAE4(34);H 
3010 	PRINT FILE (0 ), ionic trerugth"; TAB( 21 );E4; TAB( 34 );IJ 
3020 PRINT FILE (0),"charge error (7.)"; TAB(21);C; TAB(34);E1 
3030 	PRINT FILE ( 0 ), "•(13::•<27::::Aui concentrations expressed in moles  
3040 PRINT FILE (0),USING "date 	 £f//fC 	time 
ITERATEc:c,r.'t, 
• 	3050 	PRINT FILE (0),USING 'elapsed secs: 	 Cpu used.: £f.1',SYS(0)-PB,yS(5)-p9 
3060 CLOSE 
3070 	IF F2=0 THEN LET 10=2 
3080 IF. F2=0 THEN GOTO 3200 
3090 	LET I=F0 
3100 GOSUB 4530 
3110 	ON 10 THEN GOTO 3370, 3560 
3120 1 . 
3130 	!**OVER-DEPOSITION** 
3140 
3150 	LET BO=X 
3160 LET N0=L 
3170 	LET S5=S(M(I)) 
3180 LET Z5Z(N(I,1)) 
3190 	GOSUB 5400 
3200 NEXT TO 
3210 	IF F2 THEN GOTO 0540 
3220 NEXT JO 
3230 CLOSE 
3240 STOP firui 
3250 MAT 2=00 
3260 LET H=HO 
3270 GOTO 0460 
3280 MAT Z=O1 
3290 LET H=H1 
3300 GOTO 0460 
3310 DELAY =10 
3320 PRINT 'WAITING FOR LINEPRINTER' 





3370 LET Z6=Z(N(I,1)) 
3380 LET S6=S(M(I)) 
3390 LET Z1( I )( FNL( Z5 )FNL( Z6) )/( 95-96) !slope for M( I) 
3400 LET GZ6*(101(( .01-S6)*Z1(I))--1)/N(I,2) to within 57 
3410 LET G=-G 
3420 GOSUB 4660 
3430 GOSUB 5190 
3440 GOSUB 5100 
3450 IF X01,34 THEN IF Y<)72 THEN GOTO 3470 
3460 GOSUB 4900 
3470 LET B0=F0 
3480 LET S0(M( DO) )90( M( to) )+( Z5-Z( N( 00, 1.)) )/N(t'O,2) 




3560 LET X=0 
C 
T  RATE c 
3570 IF F3 THEN OOS(JB 3790 
3580 IF F3 THEN GOTO 3630 
3590 IF SC MC tI0))<-.04 THEN GOTO 5610 
3600 FOR 11 TO 12 
3610 	IF I<>F0 THEN IF Soc MC I)) THEN IF SC MC I ) )<-.04 THEN GOSUB 3650 3620 NEXT I 
3630 IF X=0 THEN LET F0=O 
3640 GOTO 3200 
3650 LET 11=1 
3660 LET 01=0 
3670 LET 02=0 
3680 LET C=M( I)  
3690 LET G=M(FO) 
3700 IF SiC C )<)34 THEN LET t'l=Sl( C) 
3710 IF. 01=0 THEN IF S2(C)<>72 THEN LET D1=S2( C) 
3720 IF ['1=0 THEN LET Dl =S3( C) 
• 	3730 IF S1(G)<>34 THEN IF t'l<>SlG) THEN LET 02=81(6) 
3740 IF 02=0 THEN IF S2( 6 )<>72 THEN IF D1<:>S2( 0) THEN LET t'2=S2( o) 3750 IF 02=0 THEN IF t'1<>S3( 6) THEN LET t'2=S3( 6) 
• 	3760 IF ['2=0 THEN LET 02=6 
3770 IF 01=39 THEN LET ['1=8 
3780 IF ['2=39 THEN LET 02=8 
3790 LET Zi( F3+13 )=Z( Dl 
3800 LET Z1( F3+15 )=Z( D2 ) 
3810 LET Zi( F3+17 )=S( MC it )) 
3020 IF F3 THEN GOTO 4040 
3830 GOSUB 4530 
3840 LET G=.1*S0(M(I)) 
3850 LET SO( MC I > >=SO( MC I ))--G 
3060 LET G=-6 
3870 GOSUB 4660 
3880 GOSUB 5190 
3890 GOSUB 5100 
3900 IF X<>34 THEN IF y<::72 THEN GOTO 3920 
3910 GOSUB 4900 
3920 IF F2=0 THEN LET 11=0 
3930 IF F2=0 THEN GOTO 0550 
3940 LET FO=t'O 
3950 LET X=1 
3960 LET F3=F3+1 
3970 LET 1=12 
3980 IF F3<2 THEN RETURN 





4040 LET A=Z1(i8)-71117) 
4050 LET C=Zi( 14 )( 10( -Z1( 10 )( FNL( Zi( 14 ) )'-FNL( Z1( 13 > ) )/ )-1 400 LET Z( Dl )=Z r:'i )-fc 
ITERATEC:C)r -  It 
4070 LET G=Z1( 16 )*( 1O'?( -Z1( 18 )*( FNL( Z1( 16 ) )-FNL( Z1( 15) ) )/A )-1) 4000 LET Z( 112 )Z( 112 )+(3 
4090 FOR J=0 TO 1 
4100 	LET W=M(I1) 
4110 IF J THEN LET W=P1(D0) 
4120 	FOR U=0 TO 1 
4130 LET B=D1 
4140 	IF U THEN LET B=D2 
4150 IF B=6 THEN LET B=34 
4160 	IF B=8 THEN LET B=39 
4170 LET Z=0 
4180 	IF B=S1(W) THEN LET Z=N1(W) 
4190 IF BS2(W) THEN LET Z=N2(W) 
4200 	IF E4=S3( W) THEN LET Z=N3( W) 
4210 LET Z1(U+13)=B !spec no for t'1,D2 
4220 	LET Z1(U+2*J+15)=Z !stoich no for Ell iruIl,D2iruIl, Ell jrptIO,II2jritIO 4230 NEXT Li 
4240 NEXT J 
4250 LET X(Z 1 (13)=XZ1(13))+C 
4260 LET X(Zl(14))X(Z1(14))+G 
4270 LET A ( G*Z 1 (17) -C*z1(18)),(Zl( 16 )*Z1( 17)-Z1( 15 )*Z1( 18)) 
4280 LET B(C-AZ1(15))/Z1(17) 
4290 LET S0( M( DO ) )S0( M( DO ) )-B deposited 
4300 LET S0(M(I1))=9O(H(i1))-A !redissolved 
4310 LET C=Z1(13) 
4320 LET 6=Z1(14) 
4330 FOR J=0 TO 1 
4340 	LET 111 
4350 IF J THEN LET 1=110 
4360 	LET W=A 
4370 IF J THEN LET W=B 
4380 	GOSUB 4530 
4390 IF X<>C THEN IF x<:>o THEN LET X(X)=X( X)+L*W. 
4400 	IF Y<>C THEN IF y.:::.O THEN LET X( Y )=X( Y )+M*W 
4410 IF N THEN IF z(:::C THEN IF ZOO THEN LET X( Z )=X( Z )+N*W 
4420 	IF X=34 THEN LET X=6 
4430 IF X=39 THEN LET X=8 
4440 	IF Y=72 THEN LET Y=6 
4450 IF XODi THEN IF X-:. 1-D2 THEN LET Z( X )=Z( X )+L*L.J 
4460 	IF Yotil THEN IF Y•::::t12 THEN LET Z Y =Z( y )±MJ 
4470 IF N THEN IF ZOtil THEN IF Z<::t12 THEN LET Z(Z )=Z( Z)+N*W 4400 NEXT J 
4490 GOSUB 4690 
4500 GOSUB 5190 
453.0 LET Z(6)=A 
4520 GOTO 3950 
4530 
4540 !**SUB AFFECTED SPECIES* 
4550 
4560 LET X=S1(M(I)) 
):TER ATE c:c, - It, 
4570 LET Y=S2(M(I)) 
4580 LET Z=S3(M(I)) 
4590 LET LN1(M(I)) 
4600 LET t1=N2(M(I)) 
4610 LET N=N3(M(I)) 
4620 RETURN 
4630 
4640 !SUB ADJUST SPECIES 	ION STRENGTH 
4650 
4660 LET X( X )X( X )-GL 
4670 LET X( Y )X( Y )-G*M 
4680 IF N THEN LET X( 2 )=X( 2 
4690 LET U=O 
4700 FOR J=1 TO 72 
4710 	LET UU+.5*X(J)*C(J)*C(J) 
4720 NEXT J 
4730 LET C=0 
4740 FOR J=1. TO 72 
4750 	LET W=0 
4760 IF J<8 THEN LET W=B( J) 
4770 	IF C(J)=O THEN LET F( J )=101( 1*U) 
4780 IF C( J) THEN LET F( J )101'( -SQR( U )*C( J )*C( J )*A9/( 1+B9*SOR( U )*R( J) )+U*W) 
4790 	IF J<.>71 THEN LET A( J )=F( J )*X( J) 
4900 LET C=C+X(J) 
4810 NEXT J 
4820 LET A(73)=1-.017*C 
4830 LET C=T*t 
4840 LET F(68)=lO(U*(335-.109*J1+.0o14*c_U(1.5+.o15*T...Oo04*c)),(T4.97ilS)) 
4850 RETURN 
4860 
4870 **SUB pH** 
4880 
4890 GOSUB 5190 
4900 LET W=C 
4910 LET C=B+Q+X(6)+X(34)+X(68) 
4920 LET N=K( 68 )*F( 6 )iF( 6 >/( K( 6 )*F( 34 )1F( 68)) 
4930 LET L=X(34)*..000001 
4940 LET M=1+B/X(34) 
4950 LET N=1+0/X(6) 
4960 LET Y=A-W-X( 72 )+X(71. 
4970 LET X=SQR( ( K*Y*Y-( ( C-Y )*NN+4*K*M*Y )*X( 34 ) )/( M*( N*N-4*K*M))) 
4900 LET X( 6 )=( Y-2MX )/N 
4990 LET X( 71 )X( 6 )*F( 6 )/( K( 6 )X*F( 34 )*F( 71)) 
5000 LET X(72)K( 73 )*A( 73 )/( X( 71 )*F( 71 )*F( 72)) 
5010 IF ABS( X-X( 34 ) )<L THEN GOTO 5040 
5020 LET X(34)=X 
5030 GOTO 4930 
5040 LET X( 6 )=KX( 6 )X( 6 )/X( 34) 
5050 LET H=-FNL( X( 71 )F( 71 )) 
5060 RETURN 
XTER ATE mcirs It, 
5070 
5080 **SUB ADJUST TOTALS** 
5090 
5100 IF X=39 THEN LET X=8 
5110 IF X<>34 THEN LET Z(X)=Z(X)—G*L 
5120 IF Y<>72 THEN LET Z(Y)=Z(Y)—GM 
5130 IF N THEN LET Z( Z )=Z( Z )—G*N 
5140 LET Z(6)=A 
5150 RETURN 
5160 
5170 !**SUB ALKALINITY** 
5100 
51.90 LET B=X(20)+X(24)+X(28) 
5200 LET Q=X( 21 )+X( 25 )+X( 29) 
5210 LET CX( 37 )+X( 40 )+X( 19 )+X( 23 )+2*( X( 38 )+X( 41 )+2*X( 0)) 
5220 LET A=Q+C+X( 6 )+X( 72 )—X( 71 )+2*( B+X( 34)) 
5230 RETURN 
5240 LET I=X 
5250 LET I1=X 
5260 GOTO 3830 
5270 MAT 2=00 
5200 LET H=H0 
5290 GOTO 0460 
5300 MAT Z=D1 
5310 LET H=H1 
5320 GOTO 0460 
5330 BELAY =10 




5380 !**SUB ADJUST t'EFOSITION**i 
5390 
5400 LET W=0 
5410 IF X<19 THEN LET C=Z( X) 
5420 IF X=39 THEN LET C=Z(8) 
5430 IF X=34 THEN LET C=X(34) 
5440 IF Y-(19 THEN LET t'=Z( Y) 
5450 IF YO-72 THEN IF B*M<C*L THEN LET 110=Y 
5460 IF tI0=Y THEN LET NO=M 
5470 IF BO=Y THEN LET C=D 
5480 IF N THEN IF Z( Z )*N<CN0 THEN LET D0=Z 
5490 IF LIOZ THEN LET NO=N 
5500 IF 00=39 THEN LET G=Z(E)) 
5510 IF 00=34 THEN LET G=X(34) 
5520 IF tiO0-34 THEN IF rlo.c.:::-39 THEN LET 6=2(00) 
5530 LET GG/N0( 1-10+—S5) 
5540 IF U THEN LET 6= -G 
5550 GOSUB 4660 
5560 GOSUB 5190 
ITERATEc:cr, ,. 
5570 GOSUB 5100 
5580 IF X034 THEN IF Y<>72 THEN RETURN 
5590 GOSUB 4900 
5600 RETURN 
5610 LET X=B0 
5620 LET 10=0 
5630 LET I=X 
5640 LET S5=-S(M(I)) 
5650 GOSUB 4530 
5660 LET W=1 
5670 GOSUB 5410 
5680 LET S0( M( I ) )=S0( M( I ) )+ 6/NO 
5690 60T0 0610 
5700 
5710 I**SUB PRINT OUT** 
5720 
5730 TAB =23 
5740 PRINT FILE (0),t'ETERMINANt',' ANALYSIS,'DETERMINAND,• ANALYSIS 
5750 LET W=O 
5760 FOR J=1 TO 18 
5770 	LREAtI FILE (1),L$ 
5780 IF L$ 	THEN GOTO 5820 
5790 	PRINT FILE (0),L$,Z(J), 
5800 LET W=W+1 
5810 	IF W/2INT(W/2) THEN PRINT FILE (0) 
5820 NEXT J 
5830 PRINT FILE (0) 
5840 PRINT FILE (0),'<13::'pH 
5850 PRINT FILE (0),ioriic strerigth,U,"chre error-',E1;'% 
5860 TAB =14 
5870 GOTO 3030 
5880 IF A$0 THEN IF S( J ))-.04 THEN LET A$riot assessed" 
5890 IF A$="0' THEN GOTO 283() 
5900 GOTO 2770 
dated: 14 / 10 / 1985 
r 
APPENDIX F 
OPERATION OF SPEC IATION MODEL 
TABLE F.1. Printouts generated by WATDEPOSIT 
including a forced printout of speciation 


















































pyrophj1 1 ite 
nioritmorj llonijte 
SAT.INDEX 	MOLES 
- 1.30777E-02 not assessed 
.426977 	not assessed 
5.88902 not assessed 
.197236 	not assessed 
.946507 not assessed 
6.33943E-02 not assessed 
.608845 	not assessed 




SPECIES CONCENTRATION SPECIES 
Ca++ 1.00482E-03 Mg++ 
1..70932E-05 Cl- 
904-- 6.17885E-04 Al(OH)4- 
NO3- 5..18915E-04 H4SiO4 
NH4+ 3.67366E-10 CaOH+ 
CaHCO3+ 1.32674E-05 CoSO4 
MgCO3 4..97022E-06 MgHCO3+ 
NaCl 1.38247E-08 NaCO3- 
Na904- 1.89538E-06 Nd 
HC1 1.00727E-18 CO3-- 
H2SO4 1..27437E-21 H3SiO4- 
1.56884E-14 A1OH++ 
A1SO4+ 4..88883E-15 Al(SO4)2- 
1.49653E-17 FeC1++ 
FeOH++ 2.0387E-12 Fe(OH)2+ 
FeSO4+ 2.91024E-17 Fe++ 
FeOH+ 8.79344E-20 Fe(OH)2 
FeSO4 1.28122E-12 NH3 




MINERAL SAT.INDEX MOLES 
calcite .283243 riot assessed 
gibhsite .109131 not assessed 
dolomite .417644 riot assessed 
hoehmjte .663422 not assessed 
muscovite 3.27705 riot assessed 
kooljrijte 4.30274 not assessed 
chlorite 10.4129 not assessed 




• 	sodium 9.04741E-04 
chloride 7.33365E-04 
sulphate 7.28696E-04 




ionic strength 7.41193E-03 
C'. ON C EN T R A T ]: o N S 
















A].]. 	c:c)rmc:r,t.r..tjc),_. 	 li-i rnc)ic-5, date : 14/10/05 	time 	: 12:23:31 
elapsed secs: 	43 	 cpu used: 	37.6 
( Let Q a ti cl t. Et 
BPECXATXON 
SPECIES CONCENTRATION 	 SPECIES 
2.03154E-05 
CONCENTRATION SPECIES CONCENTRATION Mg++ 
6.49252E-04 	 Cl- 
9.7946E-06 NQ+. 8.01402E-02 














1..47669E-08 	 CaSO4 
1..01666E-06 CaCO3 7..69991E-05 












1.844E-08 1(504- 5.42727E-06 
( H2SO4 
CO3-- 








A1904+ 1..58472E-27 	 Al(SO4)2- 1.84235E-28 H2B03- 
2.53348E-14 




1.40503E-34 FeC13 2.12125E-40 
FeSO4+ 
Fe(OH)2+ 
4.42899E-32 	 Fe++ 
7.49922E-16 Fe(OH)4- 2.14844E-06 










02 3.125E-04 H2CO3 4.56038E-10 H+ 9.83213E-13 OH- 5.79233E-03 
Temp.(C) 12 
C MINERALS; FORMED 
MINERAL SAT.INEIEX 	MOLES MINERAL SAT.INDEX MOLES calcite 
magriesite 
1.23777 riot assessed aragonite .961447 riot assessed 
dolomite 
.580108 	riot assessed 
2.13455 riot assessed 
brucite 
huntite 
1.33274 riot assessed 




not assessed muscovite 
chlorite 
-'1.52702E-02 	not assessed 
24.8902 
talc 11.2037 not assessed not assessed hdromagriesite 4.50035 not assessed 
TOTAL DETERM]:NAND CONCENT RAT ]:C)NC; ['ETERMINAND ANALYSIS tiETERMINAND ANALYSIS calcium 
sodium 
1.00549E-04 niagriesiunu 4.07206E-05 
chloride 
8.72553E-02 potassium 6.54698E-04 
sulphate 
1.91239E-03 Qlk1jrujt( asHCO3) 8.58445E-02 
iron 
4 .79898E-03 aluminium 5.18884E-03 
silica 
2.14873E-06 nitrate 1.56317E-04 
2.52975E-04 boron 7.58487E-05 anumorsia 4.85367E-05 
pH 12.09 
ionic strength 	 .104656 charge error 4.05 Z 
Al]. 	c:c)rc:c-I--lt-,r..t.ic,._,s; 	E 	p date SE; s,ccI 	i. i-1 	nuc)].c-; : 	14/10/85 	time 	: 	12:22:48 
elapsed secs: 87 	 cpu used: 66.4 
LDc:,  Bccij 	C im7_71 Le 	c:tat.eeNcr-th Irit. ) 
SPECIES FOUND AFTER 13 ITERATIONS 
FOR PRE-DEPOSITION 
( 	SPECIES CONCENTRATION .SPECIES CONCENTRATION SPECIES 
• Cci++ 4.23074E-04 Mg++ 4.23665E-04 Na+ 
K+ 9..00035E-05 Cl- 8.6855E-04 HCO3- 
( 	SO4-- 1.08845E-03 Al(OH)4- 6.0131E-04 Fe(OH)3 
• NO3- 4.77285E-04 H4SiO4 5.58681E-05 H3803 
NH4+ 7.95071E-10 CoOH+ 7.76136E-07 C.iCO3 
CaHCO3+ 3.30378E-06 CaSO4 3.11537E-05 MgOH+ 
MgCO3 3.59416E-04 MgHCO3+ 5.14124E-06 MgSO4 
NaC1 1.77774E-07 NaCO3- 1.73253E-04 NoHCO3 
NS04- 3.37972E-05 KC1 1.56185E-09 KSO4- 
HC1 4.4775E-21 CO3-- 2.85718E-03 HSO4- 
H2SO4 2.96028E-26 H3SiO4- 1.19026E-04 H2SIO4-- 
4.,42176E-22 A1OH++ 2.68297E-17 Al(OH)2+ 
A1904+ 1.66752E-22 Al(SO4)2- 8.27227E-24 H2B03- 
1.19345E-26 FeC1++ 7.60574E-29 FeC13 
FeOH++ 3.691:33E-19 Fe(OH)2+ 7..66834E-13 Fe(OH)4- 
FeSO4+ 2.80549E-26 Fe++ 9.29062E-25 FeC12+ 
FeOH+ 3..63791E-24 Fe(OH)2 1.77332E-25 FeOOH- 
Fe904 1.31456E-19 NH3 4.79335E-09 NH4SO4- 























KEY MINERAL STATUS 
MINERAL SAT.INE'EX 	MOLES MINERAL SAT.INE'EX 	MOLES 
calcite 2.07158 0 aragonite 1.77526 0 
nhydrite -2.34159 	0 mognesite 1.69791 	0 
brucite -1.56202E-02 	0 •--... gibbsite -.33458 0 
dolomite 4.06616 	0 gypsum -2.15016 	0 
riesquehortite -1.27703 0 hurutite 4.30051 0 
hoehniite .21971 	0 hydromogruesite 6.5054 	0 
rOTAL DETERMINAND CONCENTRATIONS 
DETERMINANLu ANALYSIS LIETERMINAND ANALYSIS 
calcium 9.70057E-04 magnesium 8.20249E-04 
sodium • 	1.08167E-02 potassium 9.03337E-05 
chloride 8.6873E-04 alkoliruity(asHCO3) 1.22791E-02 
sulphate 1.19601E-03 aluminium 6.0131E-04 
iron 1.51472E-06 nitrate 4.77285E-04 
silica 1.74894E-04 boron 1..36209E-05 
ammonia 1.50499E-05 
pH 10.5072 
ionic strength 1.70502E-02 charge error 1.18294 X 
Al]. 	c::c)ric:cu -,tr.t.icJI-, 5 e-:pr-esec1 j. re IT.c:)lc-e; 
dote z 	14/10/85 	time 12:25: 	2 
elapsed secs: 90 	 cpu used: 84.7 
Lc,ct, 	Dc,rJJ C 1:7.71 	L-L4mah-mt.e-mNc)v-t.h Iriieit ) 
BPECIATIC)N 
SPECIES CONCENTRATION SPECIES 	CONCENTRATION SPECIES CONCENTRATION 
Ca+4 4.7439E-06 Mg++. 5.87244E-06 Na+ .010646 
8.99719E-05 Cl- 8..68546E-04 HCO3- 1.8769E-03 
SO4--- 1.14259E-03 AI(OH)4- 6.0131E-04 Fe(OH)3 1..27644E-08 
NO3- 4.77285E-04 H4SiO4 7.15173E-05 H3B03 1.36209E-05 
NH4+ 8.66819E-10 CaOH+ 6..16494E-09 CaCO3 4.34401E-06 
CaHCO3+ 4.04075E-08 Ca904 3.98896E-07 MgOH+ 4.70069E-08 
MgCO3 3.76524E-06 MgHCO3+ 7.74932E-08 Mg804 4.30338E-07 
NaCl 1.82655E-07 NaCO3- 1.2637E-04 NaHCO3 8.93675E-06 
NaSO4- 3.71843E-05 KC1 1.59909E-09 KSO4- 3.60165E-07 
HC1 6.60124E-21 CO3-- 1.99121E-03 H904- 2.51944E-12 
H2SO4 6.88111E-26 H3SiO4- 1.03376E-04 H2SiO4-- 1.23661E-06 
1.86711E-21 A1OH++ 8..03832E-17 Al(OH)2+ 9.19056E-12 
A1SO4+ 821222E-22 Al(SO4)2- 4..46214E-23 H2B03- 1.99698E-11 
( 	
Fe+++ 5..02255E-26 FeC1++ 3.34192E-28 FeC13 2.41464E-34 
FeOH++ 1.10102E-18 Fe(OH)2+ 1..62165E-12 Fe(OH)4- 1.50195E-06 
FeSO4+ 1.37753E-25 Fe++ 2.77917E-24 FeC12+ 3.56294E-30 
FeOH+ 7.69259E-24 Fe(OH)2 2.60436E-25 FeOOH- 5.94445E-24 
FeSO4 3.73762E-19 NH3 3.64648E-09 NH4SO4- 1..50454E-05 




MINERAL SAT.INDEX MOLES MINERAL SAT.INE'EX MOLES 
calcite 8.39233E-05 1.50467E-04 quartz 6.86169E-02 not assessed 
dolomite .014534 8.10057E-04 goethite - 4.0635 riot assessed 
boehmite .387662 riot assessed albite 1.13943 not assessed 
phiogopite 2.86464 riot assessed adularia 1.79918 riot assessed 
muscovite 4.32732 not assessed talc 6.35411 not assessed 
kaoliriite 3.03434 not assessed chlorite 18.5334 not assessed 
illite 3.88318 riot assessed nioritmorilloriite 2.49431 not assessed 
roTAL DETERMINAND c;0NCENT RAT ]:ONE; 
BETERMINANI' ORIGINAL FINAL LIETERMINANLI ORIGINAL FINAL 
calcium 9.70057E-04 9.53338E-06 magnesium 8 .20249E-04 	1.01925E--05 
sodium 1.08187E-02 	1.08187E-02 potassium 9.03337E-05 	9.03337E-05 
chloride 8.6873E-04 8.6873E-04 alkoliniit(asHCO3) 	1.22791E-02 	8.73791E-03 
sulphate 1.19601E-03 	1.19601E-03 aluminium 6.0131E-04 6.0131E-04 
jr-or, 1.51472E-06 	1.51472E-06 nitrate 4.77285E-04 	4.77285E-04 
silica 1.74894E-04 	1.74894E-04 boron 1.36209E-05 	1.36209E-05 
ammonia 1.50499E-05 	1.50499E-05 
pH 10.5072 10.344 
ionic strength 	1.70502E-02 	.013758 
charge error (X) 1.18294 1.36646 
A].]. 	c: ic 	c:c-ritr.ti.cris; eprEs;sc-d j. 1-1 Fri c].e?s 
date 14/10/85 	time 	: 	12:44:33 
elapsed secs: 	1261 	 cpu used: 	1092.5 
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